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Introduction

0.1 Motivation and future applications

Since its discovery, the transistor has been at the heart of the rapid development of our digital society. In
this context, the semiconductor industry has relied on the exponential downsizing of transistors in order
to increase the processing power of our digital devices. This trend lead to the doubling of the number
of transistor per microchip roughly every two years, while the price per transistor was halved, leading
to the miniaturization of our electronic devices. This steady down scaling process was first predicted by
Gordon Moore [212], and was mainly sustained thanks to the various breakthroughs in material science
and photo-lithography techniques, allowing the transistor to reach a size as small as 10nm or less [223].
In the last decade, Moore's prediction has no longer been the rule, since downsizing reached intrinsic
limits[229, 209], partly due to the quantum mechanical effects such as tunneling which becomes non
negligible at such length scales, but also because of the increase in the power density per transistor[219].
So the question that begs to be answered, is how can we keep Moore's law alive ? To answer this question,
scientists have proposed new alternatives beyond the CMOS technology.

One of these alternatives, relies on the design of a new set of spin-based devices which, in contrast to
their charge counterparts can be driven without the need of a charge current, leading to a higher energy
efficiency, lower latency and improved integration between the memory and data processing units. These
spin-based devices have been backed by multiple proposals such as the spin field effect transistor, proposed
by Datta and Das back in the 1990's[218, 246], as well as the recent proposal by Intel of their MESO
logic device [236], which relies on two main components: A first brick allows for the electric control of the
magnetization through a magnetoelectric element coupled to a ferromagnet via exchange/strain coupling.
The second element relies on the conversion of a spin current into a charge current through a highly coupled
spin-orbit interface. Nevertheless, these spin-based devices still need to be integrated within the already
existing semiconductor technology, raising multiple technical issues regarding their functionalities.

Thanks to their very appealing properties, oxide materials seem to be prime candidates for the design of future



oxide-based spintronic devices. These multifunctional oxides can be copper oxides based superconductors[206],
or display wide range of other physical properties such as ferroelectricity, ferromagnetism or antiferromag-
netism, as well as multiferroic orders. New emergent properties can also be induced through the realization
of oxide heterointerfaces, such as the two dimensional electron system at the interface between LaAlO3
and SrTiO3[231], which displays a wide range of physical properties such as superconductivity and a
gate-tuneable spin-orbit coupling [242].

In this thesis, we will investigate the spin-to-charge conversion mechanism within the two dimensional electron
system at the interface between LaAlO5 and SrTiOgs, at various times scales, using different experimental
techniques such as spin pumping by ferromagnetic resonance and spin Seebeck, THz generation and second

harmonic generation.

0.2 OQutline of this Thesis

This thesis will be divided into five chapters. In the first chapter we introduce the basic concepts, regarding
the spin and orbital degrees of freedom of the electron, as well as the various mechanisms behind the
conversion of spin and orbital currents into charge currents and vice-versa, particularly at interfaces through
the so called direct and inverse spin and orbital Edelstein effects.

In the second chapter, | explore the remarkable physical properties of the two dimensional electron system
(2DES) at the interface of LaAlO3/SrTiOz (LAO/STO), as well as the intriguing origin behind the existence
of this 2DES. Later, | give a brief overview of the electronic band structure of the 2DES using a tight biding
model.

In the third chapter, | describe in detail the first two experimental methods used to measure the spin-to-
charge signal, which are the spin pumping by ferromagnetic resonance and the spin injection using the spin
Seebeck effect. For each experimental technique, | provide an overview of the various spurious effects which
can hinder our measurements.

In the fourth chapter, | present the measurements of the spin-to-charge conversion signal in LAO/STO using
both spin pumping and spin Seebeck experiments. | first demonstrate the tunability and high efficiency of
the spin-to-charge conversion. Secondly, | precisely measure the angular dependence of the spin-to-charge
conversion signal and demonstrate its intimate relation with the electronic band structure of the 2DES.
Finally, | demonstrate the significant orbital nature of the spin-to-charge conversion signal in LAO/STO.
In the last chapter, | attempt to unveil the dynamical response of the spin-to-charge conversion signal at

very short timescales through ultrafast spin injection using the demagnetization of a ferromagnetic layer.
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Overview of the field of spin-orbitronics
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Since the discovery of the giant magnetoresistance effect by Albert Fert and Peter Grunberg [205, 211],
a wide variety of applications have emerged especially in the field of magnetic memories. Lately, these
rely on the magnetization switching in ferromagnetic materials, through the so-called “Spin-Transfer-
Torque” (STT)[244, 208], using the injection of a polarized spin current to apply an effective torque on the

magnetization. However, a new type of magnetization control based on the spin-orbit coupling has shown
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to be highly efficient. It allows to perform an efficient spin injection without the need for ferromagnetic
materials[237, 235, 217], as well as the detection of a spin current through the spin-to-charge conversion
which can have wide variety of applications[225, 232, 241]. Very recently, a new degree of freedom has
also been investigated based on the quantized orbital moment of the electrons, which like the spin can play
an important role in magnetization switching[224]. Moreover, orbital-to-charge conversion effects will be
discussed later in this thesis[247].

In the following, we will give a quick introduction to the charge, spin and orbital degrees of freedom of the
electron. These are the building blocks of various mechanisms behind the inter-conversion of the spin and
orbital information into a charge current through for example the spin-orbit coupling or sp hybridization[226],
including the Spin Hall Effect[228], Spin Edelstein Effect[214] and their orbital counterpart, the Orbital Hall
Effect[247] and Orbital Edelstein Effect[249].

1.1 Electron’s spin and orbital angular momentum

In quantum mechanics, the total angular momentum J, describing the motion of an electron around its
nucleus is quantized. In fact, J = L + S corresponds to the sum of two quantum operators, the first L
being the orbital angular momentum operator, which describes the circular motion of the electron, while
the second S is called the spin operator and it has a purely quantum mechanical origin, emerging from the
Dirac equation *. According to the rules of quantum mechanics, the projection along all different axis z, v, 2
of the orbital and spin degrees of freedom are quantized and can be defined by two quantum numbers : m;

the magnetic quantum number, ? and m, the secondary spin quantum number, 3, through the relation :
Li=hm; Si=hm; Viczxuy,z (1.1)

Furthermore, electrons with spin S and orbital momentum L, carry a magnetic moment g5 and p; respectively.

Thus, the total magnetic moment g = s + p; held by an electron has the following expression :

m=—gsppS —grppL (1.2)

where gs ~ 2, g =1 and up = e72m6 is the Bohr magnetron.

Since the electron holds various information regarding the charge, spin and orbital, one would expect that a

Through relativistic corrections to the Schrodinger equation

2Which distinguishes the various orbitals available in the subshell (s,p,d,f,..) and it can have integer values ranging from —I
to +! depending on the subshell occupied by the electrons

3]t can take only two discrete values for the electron —1/2 and +1/2
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flow of one degree of freedom such as charge may result into a flow of spin and orbital momentum, which

will be discussed in the next section.

1.2 Charge, Spin and Orbital currents

A charge current density j. refers simply to the flow of a density of charge carriers n, 1, for both spin o
(both spin-up 1 or spin-down | ) and orbital degree of freedom L ( both clockwise L}, and anticlockwise

L7), with a velocity v, 1, and it reads :

jc = Z —€Ng,LVo, L (13)
o,L

Therefore, one can also define from equation 1.3, the flux of spin(orbital)-polarized charged carriers j, (jr.)

simply as :

Jo = Z —€Ng VoL (14)
L
jL = Z —€Ng,LVo L (15)

g

Moreover, we can also define the so called spin current density js, and orbital current density j,, as :

h
TN 1
Js = 5t = 1) (1.6)
. h . .
Jo = E(JLj - JL;) (1'7)

where both js and j, are expressed in the units of angular momentum #.

From Figure 1.1, we notice that we can produce various types of currents, which can be either a pure charge
current where j; = j, and jz: = Jjp. with no net flow of angular momentum, a spin(orbital)-polarized
current where j; # j; or jzrz # Jjr.. resulting in both a flow of charges, spin and orbital momentum, and
a pure spin(orbital) current where there is a net flow of spin and orbital angular momentum without any
charge flow, as illustrated in Figure 1.1. The concept of pure spin and orbital currents have attracted a lot
of attention lately, especially with the recent studies which have reported the detection and production of
pure spin and orbital currents, through the highly efficient spin(orbit)-to-charge and charge-to-spin(orbit)
inter-conversion processes[248, 243]. Indeed, a central ingredient in the conversion of charge current into a

pure spin, is the spin-orbit coupling which will be introduced in the following subsection.
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(a) (b) (c)
= - 4_-.¢.—_-.¢.-_
j*0 —0—0—0— j#z0 —0—0—0— =
js+jo?"—0 _'+_'+—. js+jo?"—0 %
Pure charge current Spin(orbital)-polarized current Pure spin(orbital) current

Figure 1.1: Three different types of currents. (@) A pure charge current where only a flow of charge carriers
take place while no flow of spin or orbital moments is recorded. (b) Spin and Orbital polarized flow of
charge carriers, where both a charge current and an angular momentum current are non zero. (c) A pure
flow of angular momentum without any flow of charge carriers.

1.3 Atomic Spin-orbit coupling

Since an electron carries both a spin S and orbital angular momentum, L one would assume that a relation
linking both degrees of freedom may exist. Indeed, in a semi-classical picture we represent the electron
as an object, with an intrinsic spin angular momentum, orbiting around the nucleus with a velocity v. In
the frame of the electron, the positively charged nucleus will appear to be orbiting around it, creating a
time-varying electric field E which in turn produces an induction-like magnetic field B, which will interact
with the spin magnetic moment of the electron ps as shown in Figure 1.2. The additional Zeeman term in

the Hamiltonian, which accounts for the spin-orbit coupling, reads :

1
Hsoc = —ohs B (1.8)

where the factor 1/2 is the relativistic Thomas-Fermi factor, and B = (1/c¢?)E x v . Thus, equation 1.8 ,

becomes * :
eh
, where E = —VV(r) = (r/r)(dV(r)/dr) is the local static electric field generated by the nucleus,

¢ = (e/2m2c?)(1/r)(dV (r)/dr) is the spin-orbit coupling constant, L = r x p is orbital angular momentum
and S = (h/2)o is the spin angular momentum. The spin-orbit interaction is ubiquitous in various physical
phenomena and it explains the fine structure of the Hydrogen atoms[222], it plays also an important

role in the spin-dependent transport phenomena, to cite few : anistropic magnetoresistance (AMR)[233],

*Obtained from Lorentz transform applied to the Maxwell equations
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anoumaloues Hall effect (AHE)[240] or in the spin Hall effect (SHE)[248], etc.

Figure 1.2: An illustration of the spin-orbit coupling, where in the frame of the electron the positively
charged nucleus will generate a magnetic field which will act on the spin magnetic moment of the electron

s

It is also interesting to note that since the spin-orbit coupling is proportional to L, one would expect no
spin-orbit interaction for the s-orbitals (L = 0) and a maximum spin-orbit interaction for the p-orbitals
compared to the d and f orbitals. This can be explained intuitively from the expression of the spin-orbit
coupling constant ° ¢ o« —Z|e|/r3 , where the closer the electrons are to the nucleus the larger the spin-orbit
interaction is. Therefore, due to the close proximity of the p-orbitals to the nucleus compared to the d- and
f-orbitals, one would expect a strong spin-orbit interaction in the 3p electron states. This was shown by
Yafet[177] who reported also an increase of the spin-orbit splitting when filling the outer shell of the 3p

orbitals ©, which explains the strong spin-orbit coupling in heavier elements.

1.4 Spin relaxation and dephasing mechanisms

Let's consider a single electron placed in a random fluctuating magnetic field. In this case, the electron’s
spin will precess around the effective fluctuating magnetic field with a Larmor frequency wg and a correlation
time 7., which represents the period for which a change of the effective dephasing magnetic field occurs, so
that after multiple periods the spin information will be lost.

In order to understand the spin relaxation and spin dephasing mechanisms which are defined in the framework
of Bloch-Torrey equations for the magnetization dynamics, one can resort to the toy model presented by

Fabian and Wu[198] which introduces an external fluctuating magnetic field B = Byu, + B (¢), where

5if we consider a simple coulomb potential generated by the nucleus with charge +Z
®By increasing Z from 11 to 19
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By is the static longitudinal component of the magnetic field and B (¢) is a time-oscillating transverse

component as sketched in Figure 1.3 a.
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Figure 1.3: Various types of spin relaxation mechanisms. (@) An illustration of an electron precessing
within a time oscillating magnetic field. (b) A sketch describing the Elliot-Yafet mechanism, where
during each collision with impurities or phonons the spin may undergo a spin flip process. The distance
between two collisions corresponds to the characteristic scattering length L.. (c) A brief description of the
D'yakonov-Perel’ mechanism, where the spin undergoes a precession motion between two collisions, due
to a k-dependent magnetic field, so that after multiple collisions the spin loses the information about its
original phase.

Under these conditions, the dynamics of the spin S motion will be described by the following equations :

08, S,
5 = S, — 7 (1.10)
aSy Sy
98, 8. - S0 112)
Bt - T1 '

where SY is the thermal equilibrium value of the spin in the presence of a static magnetic field By. In

addition, we note from equation 1.10 & 1.11, that S, and Sy decay with characteristic time 7> so-called
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spin dephasing time, which describes the phase loss for the transverse components of electrons spin, which
is ascribed to the time and spatial fluctuations of the precession frequencies. On the other hand, a second
characteristic time constant 7; termed the spin relaxation time, appears in equation 1.12, and describes the
time needed for the longitudinal spin component to reach its thermal equilibrium value S?, thanks to the

energy exchange between the spin system and lattice through spin-phonon coupling.

It also noteworthy to report that depending on the magnitude of the fluctuating magnetic field, two particular
cases can be considered. The first case scenario, where we consider a weak fluctuating magnetic field, so
that the inequality wgm < 1 is satisfied, leads to a small spin precession frequency. Under these assumptions,

in isotropic and cubic solids, the toy model described previously leads to the following relation :

1
T — T = @ (113)

Thus, both the spin relaxation time 7 and the spin dephasing time 7> will represent the same quantity 7
(Tsf = 71 = T2 ), which is referred to as the spin-flip time or the spin lifetime. In conducting electronic
systems, the correlation time . is given by the electron relaxation time 7, which is smaller than a picosecond.

Thus, keeping the relation satisfied even for magnetic fields of the order of a Tesla.

In the second case scenario, where the inequality woT > 1 is satisfied, the spin will precesses around By
several times during one period 7., leading to a conservation of the longitudinal component of the spin

system while the transverse component to u. will be averaged to zero, so that 7, ~ 7.

In the following section we will introduce in more detail two different scenarios that can generate a random

fluctuating magnetic field, which will dive rise to different spin relaxation mechanisms.

1.4.1 Elliot-Yafet mechanism

Elliot was the first to realize that when an electron get scattered by the lattice ions, the electron spin will
relax through spin-orbit coupling[176]. When considering metals with center of inversion symmetry, Elliot
showed that the Bloch wavefunctions are no longer eignestates to o, but rather a linear combination of
spin-up and spin-down states. Thus, the spin-state of the electron will be conserved between two collisions,
and has a non-zero probability of flipping during a scattering event, as shown in Figure 1.3 b. Typically, for
metals, the flipping rate equals one spin-flip in a thousand scattering events. Under these assumptions,
Elliot derived a relation which links the spin relaxation time 7,; to the momentum relaxation time 7, and

reads[176] :
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(1.14)

where g = g — go stands for the variation in the g-factor from the free-electron value gg, and & is a
numerical factor introduced by Beuneu and Monod[180] which is related to the scattering mechanism.
In order to include the electron-phonon interaction, Yaffet extended Elliot's model, by drawing a straightfor-
ward relation between 7,; and the resistivity of the materials p, so that the Yaffet relation reads[177]:

1

@(T) ~ p(T) (1.15)

Thus, Yafet was able to draw the temperature dependence for 7, ~ T—5 at low temperatures, just like the
conductivity of various metals, which was confirmed experimentally by Monod and Beuneu. However, the
Yaffet relation doesn't hold for example in the case of silicon where 755 ~ T~3[194]. In order to estimate
7, both Elliot and Yaffet mechanisms should be considered, especially at low temperature where they have
the same magnitude and can interfere destructively. Thus, the Elliot-Yaffet spin relaxation mechanism will
link Tﬁy to 7, through the following equation:

1 (As0)? ek

TsEfY(Gk:) =¢ (Ae€)? Tp(eg) (1.16)

where A\go is the spin-orbit coupling constant, and Ac is the average energy separation between a conduction
band and nearest unoccupied (valence) band which are coupled through the spin-orbit interaction.

To conclude, one should keep in mind that the Elliot-Yaffet mechanism dominates the spin relaxation
processes for centrosymmetric conductors, with center of inversion. However, when the system lacks
inversion symmetry another spin relaxation mechanism should be taken into account which is the so-called

D’yakonov-Perel’ mechanism presented in the next section.

1.4.2 D’yakonov-Perel’ mechanism

For systems lacking inversion symmetry, the spin degeneracy is lifted so that Ej+ # Ej |, whereas the
Kramers degeneracy due to time reversal symmetry E; + = E_j |, is preserved. This spin degeneracy lifting
translates into a k-dependent magnetic field Bgo(k), which corresponds to an effective spin-orbit field and

introduces a k-dependent Zeeman-like term to the Hamiltonian, given by :

hege h
HEY = TEBso(k) - o = 5 (- o) (1.17)

e
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where Qy represents the Larmor frequency of a single spin precessing around Bgo(k). In this case, for a
given kp the spin will precess with a frequency €2y, for an average time 7, after which it gets scattered and
acquires a new momentum ka, which will change the precession frequency to €2y, as illustrated in Figure 1.3
c. In this case, the spin relaxation mechanism was derived by D’'yakonov and Perel’ through the following

formula which links the the spin relaxation time TS[}P and the electron relaxation time 7,[179] :
— 02
pP — **%p (1.18)

Thus from equation 1.18, we notice that the spin phase changes randomly between each collision, so that
during a time interval set by 7,, it will undergo a random walk stochastic process. It is noteworthy to report

that the above formula is true only in the limit where the inequality Qx7, < 1 is verified.

One should also notice that in the D'yakonov-Perel' relaxation mechanism, the spin relaxation rate
1/T£cp ~ Tp, which seems counter-intuitive because the more scattering processes there are ( short 7, ) the

bigger TS[J)CP will become !

In a stark contrast, with the Elliot-Yafet mechanism, where TSEfY ~ Tp. One can explain the discrepancy
between those two mechanisms simply by looking at Figure 1.3, where we observe that the faster the random

changes in Bgo(k), the more they tend to cancel each other, thus keeping the spin phase unchanged.

As discussed previously, for systems lacking the inversion symmetry 7, both the Elliot-Yafet and the
D'yakonov-Perel’ mechanisms will compete. Their individual importance will depend on several parameters

such as temperature, doping, crystal structure, materials composition, etc.

1.5 The interconversion of the spin, orbital and charge currents

By harnessing the spin-orbit interaction, one can manipulate the spin, orbital and charge degrees of freedom,
through the various spin-momentum and orbital-momentum locking processes, which can be divided into
two categories. The first corresponds to the spin Hall effect (SHE)[228] and inverse spin Hall effect (ISHE)
[196] and their orbital counterpart the orbital Hall effect (OHE) [247] and inverse orbital Hall effect (IOHE)
[196] which are found to exist in bulk materials. The second process, which is found at the surfaces and
interfaces is driven by the Rashba spin-orbit coupling through the Direct and Inverse Rashba Eldestein effect

[214, 249] which can be associated to both spin and orbital angular momentum.

"such as semiconductors I1I-V BIA and surfaces and interfaces SIA

11
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1.5.1 In bulk materials

1.5.1.1 Direct and Inverse Spin Hall Effect

(@) s34 Spin carens (b) 44
$_// Charge current ‘ /

,\‘ Charge current ’\
* e L2 A

©  4ases A
b—

? Charge current

¢t ¢

Figure 1.4: Three different Hall effects. (a) Direct spin Hall effect (SHE) where a charge current is converted
into a spin current. (b) Inverse spin Hall effect (ISHE) where a spin current is converted into a charge
current. (c) Anomalous Hall effect which occurs in magnetic materials, and corresponds to a spin-dependent
mechanism where a charge current is converted into a transverse spin polarized charge current.

Since its theoretical prediction by Dyakonov and Perel’ in the early 70's[178], the spin Hall effect (SHE) has
played a central role in the creation of a dissipation-less pure spin current. It relies on the spin-orbit coupling
allowing for the conversion of an electrical current passing through a nonmagnetic material into a pure spin
current transverse to the directions of the charge current and the spin momentum as illustrated in Figure 1.4
a. Shortly after, the opposite effect referred to as Inverse spin Hall effect (ISHE) which corresponds to the
conversion of a spin current into a charge current was observed in semiconductors by various groups around
the world (see Figure 1.3 b). As one would expect, the experimental observation of the direct spin Hall
effect has taken some time, due to difficulties encountered in order to measure a pure spin accumulation
where no transverse electrical signal can be detected. The first experimental finding came from Kato et al
who reported a direct spin Hall effect in GaAs using Kerr rotation microscopy[184]. It was also detected in
heavy metals such as Pt or Al by Saitoh et al and Valenzuela et al[187, 248].

In order to understand the physics behind the spin Hall effect, we should recall the theory behind the

12
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anomalous Hall effect (AHE), consequence of a spin-dependent scattering in ferromagnetic materials. Due
to the spin population imbalance in the ferromagnetic material, a charge current within the ferromagnetic
material creates a transverse spin accumulation at both sides of the sample. This is also associated to a
charge imbalance resulting to a transverse Hall voltage, as illustrated in in Figure 1.3 c. Similarly, the spin
Hall effect is the result of spin-dependent deflections in non-magnetic materials with no spin imbalance.
Thus, the number of deflected carriers to opposite directions will be the same and no electrical transverse
signal is detected, as illustrated in Figure 1.3 a. Therefore, in the spin Hall and inverse spin Hall experiments

the spin and charge currents are connected through :

. h ]

59 = st ) (119)
ISHE _ _2¢y i 1.20
¢ i sHE(js X s) (1.20)

where s is the spin polarization, fgrg is the spin Hall angle which quantifies the spin-to-charge conversion

SHE

efficiency and it corresponds to the ratio of the off-diagonal spin Hall conductivity o7,

to the conductivity
of the diagonal term o,,. The value of the spin Hall angle s r depends on various parameters which can
be divided into two main contributions. The first is intrinsic and solely related to the electronic contributions
ascribed to the spin-splitted band structure in the presence of spin-orbit coupling. The second contribution
is related to a spin-dependent scattering driven by impurities through the spin-orbit coupling. The latter

contribution stems from two impurities-driven scattering mechanisms which are the skew scattering[227]

and the side-jump scattering[207], which we will discuss in the following section.

1.5.1.1.1 Intrinsic mechanism The spin Hall effect has an intrinsic contribution, present even in the
absence of impurities, that can be ascribed to the spin-split band structure due to the spin-orbit interaction.
It yields an additional term to the carrier's velocity, the so-called anomalous velocity, which is related to
the Berry curvature Cy. It manifests itself as a k-dependent effective magnetic field which links the band
structure to the anomalous velocity through an electric field[239, 238]. Thus, the intrinsic contribution will
correspond to a spin-depend deflection of electrons of different spins in the presence of an electric field, as
illustrated in Figure 1.5 a. It is also important to note that the Berry curvature Cy, is non-zero for systems
with broken-time reversal symmetry, or broken inversion symmetry. It is also well known that this intrinsic
mechanism is dominant in heavy metals (Pt or Ta)[187, 235], through an intrinsic contribution to the total

int

spin Hall conductivity o).

13
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1.5.1.1.2 Extrinsic mechanisms In the presence of a charge impurity, the electrons will undergo a
spin-dependent scattering due to the spin-orbit coupling on the impurity, and this in turn yields an additional
term ai’ljew to the total transverse spin Hall conductivity. This mechanism is known as the Mott-skew
scattering, and was first described by Smit[245], where both spin-up 1 and spin-down | electrons are
deflected into two opposite directions due to the strong spin orbit interaction with the impurity, as illustrated
in Figure 1.5 b. The skew scattering was also envisioned by D'yakonov-Perel’ to be behind the spin
accumulation in non-magnetic materials[220]. Another type of spin-dependent scattering was introduced by
Berger[207], corresponding to a spin-dependent scattering mechanism where the trajectory of the deflected
spins will be altered through a spin-dependent lateral displacement, while the electrons preserves their wave
vector k, as illustrated in Figure 1.5 c. This scattering mechanism is referred to as the side-jump scattering,
and it contributes with an additional term to the spin Hall conductivity ai;j, so that the total spin Hall

conductivity will be given as the sum all previous contributions:

SHE __ _int skew s—7J
Opy = Oy + 05, " + 05y (1.21)

Thus the spin Hall angle s g will be the sum of various terms which can be tuned in order to increase the
spin-to-charge conversion efficiency. However, one should recall that the electron carries also an orbital

degree of freedom which can, like its spin counterpart, be converted into a charge current and vice-versa.
(a) (b)

o
\-‘

Figure 1.5: Intrinsic and Extrinsic spin contributions to the spin Hall effect. (a) Intrinsic electrically driven
spin-dependent mechanism. The two different extrinsic mechanisms relying on spin-dependent impurity
scattering are, (b) the skew scattering and (c) the side-jump scattering.

1.5.1.2 Direct and Inverse Orbital Hall effect

The orbital Hall effect refers to the counterpart of the spin Hall effect, but with the orbital momentum
degree of freedom L instead of the spin degree of freedom. In this case, an applied external electric field
induces a transverse flow of atomic orbital angular momentum (which is an orbital current), as illustrated in

Figure 1.6 a. The opposite effect is also possible, where the flow of a pure orbital momentum current can

14
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generate a transverse charge current, which is known as the Inverse orbital Hall effect. It is also noteworthy
to report that the orbital degree of freedom L has often been taken into account in various theoretical
studies[247, 192, 210]. However, the dynamical roles of L have been commonly ignored in the literature,
until very recently with various studies by Tanaka et al [247] and Kontani et al [192] for 4d and 5d transition

metals.

(a) (b)

Orbital current

O

g 2 /
L 7 \ Charge current

l...o.A p.-

Figure 1.6: An illustration of the orbital Hall effect (OHE) and its intrinsic origin. (@) In the presence of an
applied electric field, orbitals with opposite chiralities (clockwise or anti-clockwise) are deflected into two
opposite directions which induces a pure orbital current. (b) An applied electric field induces a shift in the
orbital contours which yields a non zero (L) which changes sign depending on the sign of k,. [202]

Interestingly, it appears that the orbital Hall effect, unlike the spin Hall effect, can take place even in the
absence of spin-orbit coupling, and can be converted into spin Hall effect in the presence of sizable spin-orbit
coupling, meaning that the orbital Hall effect is more fundamental than the spin Hall effect in this case. It
is also important to note that a strong spin-orbit coupling is not the only ingredient for a high spin Hall
angle, so that it appears that in materials with low spin-orbit coupling and with a gigantic orbital Hall
conductivity, one can still obtain a very high spin Hall angle, which opens the quest to seek for materials

with the highest orbital Hall conductivity.

In order to investigate further the origin of the orbital Hall effect, one needs to return to a microscopic

understanding based on the orbital-texture mechanism.

1.5.1.2.1 Intrinsic mechanism Upon applying an external electric field E along the x-direction, we observe
that the k-dependent orbital texture 8(see Figure 1.6 b), will be shifted due to the Coulomb force which

acts on the electrons, and will induce a momentum displacement :

8which unlike the spin-texture can be present in centrosymmetric media, and where the expectation value of L vanishes for
all the eigenstates

15
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Ak, — —E0 (1.22)

where Jt represents the time duration of the injected charge current into the system. It appears that
this k-space shift induces an interband superposition in the orbital texture which generates a non zero
(L) o< E x k. So that in the plane k, = 0, as shown in Figure 1.6, we observe that (L) is aligned with
the z direction and points in opposite directions for positive and negative k,'s. Thus, one would expect
that even in the presence of orbital quenching the orbital Hall current ~ (v, L) is non zero, signaling the
importance of the orbital-texture which explains the intrinsic mechanism behind the orbital Hall effect. In
order to further understand this mechanism, Go et al [202] have shown that by tuning the sp hybridization
parameter ~y,,, both orbital and spin Hall conductivity (resp com and osy ) can be gigantic ~ 10%h/2]e]
(Q- cm)_l, for s, above 0.1eV/, as illustrated in Figure 1.7 a. This shows that the orbital texture is not
only crucial to the orbital Hall effect but also to the spin Hall effect. Furthermore, as shown in Figure 1.7
b, the orbital Hall conductivity is non zero even in the absence of spin-orbit coupling, whereas, the spin
Hall conductivity increases when the spin-orbit coupling is turned on. However, the spin Hall conductivity
appears to have non-monotonic dependence on the spin-orbit parameter aigp, and it starts decreasing above
a threshold value of agp =~ 0.1eV. This non-monotonic dependence can be associated to a reduction of
the orbital Hall conductivity cpog at higher agp, but also to the saturation of the conversion efficiency of

the OHE to SHE, as shown in Figure 1.7 b in the inset.

On the other hand, some theoretical studies have shown that a giant positive orbital Hall conductivity ooy
in transition metals which can be considerably larger than the spin Hall conductivity gy can be associated
to the orbital Aharanov-Bohm phase factor due to the d-orbital angular momentum[192]. In that case, the
details of the band structure are irrelevant to the orbital Hall conductivity cpg, as shown in Figure 1.7 c,
where it seems that the orbital Hall conductivity oo is independent of the atomic species of the transition

metals.

Consequently, the orbital Hall effect is an essential phenomenon to explain the origin of the spin Hall effect
but also the anomalous Hall effect in the presence of spin-orbit coupling, so that the sign change in the spin

Hall conductivity will be directly associated to the spin-orbit polarization at the Fermi level.

Finally, one would expect that in multi-orbital systems, where the orbital texture is ubiquitous, the orbital
Hall effect may have a crucial role in the engineering of new materials with a strong orbital Hall conductivity

leading to a highly efficient spin-to-charge interconversion.
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Figure 1.7: A comparison between the orbital and spin Hall effects. (a) Energy dependence E¢ of the spin
and orbital conductivity for various values of the sp hybridization term ,,.[202] (b) Variation of spin and
orbital conductivity versus the spin orbit strength ago, for a fixed electron density p = 2.5/u.c. In inset:
the ratio ogy/oom versus aso.[202] (c) Left axis : variation of the spin and orbital conductivities for
various 4d and 5d metals. Right axis : Spin-orbit polarization R for various 5d metals.[192]

1.5.2 At surfaces and interfaces

The lack of space-inversion symmetry in a physical system results in a non-vanishing electric field which
may arise at surfaces and interfaces of various materials, such as the interface between two metals Ag/Bi or
oxide interfaces like LaAlO3/SrTiOs. In this case, the electrons moving in this electric field will experience,
as seen previously, a magnetic field which will act on their spin degree of freedom. In the presence of
spin-orbit coupling, the magnetic field which arises indirectly from the space-inversion asymmetry (SIA)
at the interface, will act on the momentum of these electrons k through the spin-momentum locking °,

resulting in the spin degeneracy lifting of the band structure.

In the following, we will focus in particular on the interaction between the emerging magnetic field and the
spin angular momentum of electrons, at the interface of two different materials, which leads to an additional
term to the Hamiltonian known as the Byachkov-Rashba spin-orbit coupling or more briefly the “Rashba

coupling” .

%It corresponds to the configuration where the direction of the spin and the momentum which needs to be perpendicular to
one another to maximize the Rashba coupling
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1.5.2.1 Byachkov-Rashba spin-orbit coupling

As discussed previously, the combination of space-inversion asymmetry (SIA) and spin-orbit coupling result
in the separation of the conduction bands into two branches, each with its own spin orientation, as illustrated
in Figure 1.8 a. In this context, Rashba and Byachkov were the first to realize that this effect can occur at
the interface of two different materials like in quantum wells in semiconductors where a two-dimensional
electron gas is trapped at the interface through engineered band-gaps[213, 214]. Due to the SIA, an electric
field E along the z-direction perpendicular to the interface results in an additional term to the Hamiltonian,

the so-called Rashba Hamiltonian Hpg, and is given by:

HR:aR(zx k)O’ (123)

where ap represents the Rashba coefficient , k is the in-plane wavevector, and o is the Pauli spin matrices.
From the expression of the Rashba Hamitonian (see equation1.23), a maximum contribution can be obtained
if all the three vectors (k , z, and o) are perpendicular to one another, so that the spin o will lie in the
plane perpendicular to the momentum k, which refers to the spin-momentum locking.

In addition, Rashba coupling leads to the spin-degeneracy lifting in the band structure so that the energy
dispersion of opposite spin-oriented subbands is given by :

hk?

So one can deduce the momentum-dependent separation between the two subbands which yields a momentum
shift kg = +arm/h?, so that the Fermi surface will contain two inequivalent Fermi contours with opposite
spin chiralities (clockwise or counter-clockwise) in the (k; , k,) plane. This is illustrated in Figure 1.8
b, where we chose agp > 0. For each k, the Rashba coupling can be understood in the framework of
the D'yakonov Perel’ mechanism where a momentum-dependent magnetic field induces a spin relaxation

mechanism, so that the SIA will generate an effective Rashba field which takes the following form :

BIA(k) = 2‘”TR(Z « K) (1.25)

Lately, the Rashba coupling has attracted a lot of attention, particularly due to the large spin-splitting
of the subbands (large Rashba coefficient aug) which is displayed by various systems like the interface
between Ag/Bi[199] and also the surface states of some topological insulators such as BiaS3[201], allowing

for some interesting applications in spin-based transistors where a spin information can be monitored by
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(a) s Energy

Figure 1.8: Band structure of a 2D Rashba system. (@) Energy dispersion for two opposite spin polarized
Rashba-split bands. (@) The Fermi surface which contains two Fermi contours with opposite spin chiralities.

a gate voltage which tunes the strength of the Rashba coupling. Another interesting application is the
spin-to-charge interconversion where the Rashba spin-orbit coupling can be harnessed to allow for a more
efficient conversion compared to the classical ISHE in heavy metals.

Interestingly, the lack of a center of inversion symmetry in non-centrosymmetric bulk semiconductors like
GaAs, can also yield an additional term to the Hamiltonian which was first introduced by Dresselhaus in the
mid 50's and was named after her. The so the so-called Dresselhaus effect [195, 183] can thus be solely
attributed to the bulk inversion asymmetry (BIA) contrary to the Rashba effect which stems from space
inversion asymmetry (SIA). It is also noteworthy to report that because later in this manuscript we will
consider only centrosymmetric media the Dresselhaus effect will not be taken into account so that only the
Rashba effect will be considered.

In the following, we will investigate two different effects which are a direct consequence of the Rashba

coupling at surfaces and interfaces and allow for an electrical control of the spin information and vice versa.

1.5.2.2 Direct and Inverse Spin Rashba Edelstein Effect (SEE)

Similarly to heavy metals which display an inverse spin Hall effect (ISHE), two-dimensional electron systems
(2DES) exhibiting Rashba spin-orbit coupling[204, 230, 221] allow for the detection of a non-equilibrium spin
population through the generation of a 2D charge current. It is known as the Inverse Spin Edelstein effect
and sometimes referred to as the Inverse Spin Galvanic effect which was first demonstrated by Ganichev et

al [182] in quantum well semiconductors. The opposite effect which is the Onsager reciprocal effect[216],
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namely the Direct Spin Edelstein effect, allows for the conversion of a 2D charge current into a net spin

polarization in the 2DES.

1.5.2.2.1 Fermi contours In order to understand the mechanisms behind these two effects one needs
to return to the band structure for a 2D Rashba interface, containing 2 inequivalent Fermi contours with

opposite spin chiralities, as shown in Figure 1.8 b.

Let us now consider the first case scenario, where we inject a 2D charge current into the Rashba interface,
by applying an electric field E = E'x, forcing the electrons to move in the opposite direction —x from the
flowing charge current, due to their negative charge ¢ = —e. This will induce a shift of the energy dispersion

relation for these electrons in momentum space, which can be estimated in the single band picture as :

Aky = — = (1.26)

where j. is the charge current density and o is the Drude conductivity of the 2DES.

If one considers the case of a Rashba interface 19, a k-space shift of both the inner and outer Fermi contours
by Ak, will occur in this case, as shown in Figure 1.9 a. Due to the spin-momentum locking, the spin
degree of freedom for an electron with a momentum along the x direction will have to align along y (resp.
—y) direction for the outer ( resp. inner) Fermi contours. Therefore, a shift of both Fermi contours ( with
radii K" and k9%¢" ) will induce a spin accumulation due to the inequivalent spin densities dsy and ds).
This is shown in Figure 1.9 a, where the spin accumulation results from the hatched areas green and red
colors which are proportional to k}%meTAk:x and k%" Ak, respectively. This mechanism is known in the

literature as the direct spin Eldestein effect, which was first theorized by Edelstein back in the 90’s.

The opposite effect is also possible and can be understood with the same schematics of the Fermi contours.
When a spin population ds, is injected along the y direction, the Fermi contours are shifted along two
opposite directions, which generates a non-zero total net displacement Ak proportional to the Rashba
band splitting Ag. So, the injection of a 3D spin current in a Rashba interface results in the creation of a

2D charge current, as displayed in Figure 1.9 b. This effect is known as the Inverse spin Edelstein effect.

©where we have both space inversion asymmetry and the spin orbit coupling
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Figure 1.9: An illustration of both the direct and inverse Edelstein effects. (a) An applied external electric
field induces a shift in the Fermi contours, which creates a spin accumulation due to the partial compensation
of the of the two opposite spin polarizations (ds4+ and ds}). (b) When we inject a non equilibrium spin
population from the z-direction, with a spin component along the y-direction, the inner and the outer Fermi
contours are shifted into two opposite directions which do not cancel each other, so that a net charge
current is created.

1.5.2.2.2 The Rashba spin-to-charge conversion efficiency Similarly to the spin Hall angle which
quantifies the spin-to-charge conversion efficiency for the ISHE, one needs to calculate the conversion
efficiency of the Inverse spin Edelstein effect, where we assume that a spin population polarized along the y

direction < 0.5 > is injected within the 2D Rashba interface. This induces a displacement of the two Fermi

contours as shown in Figure 1.9 b, yielding a 2D charge current j2P = j2D + jfg along the z direction.
It can be written as the sum of two charge currents associated with the outer and inner Fermi contours

respectively, and it is linked to the injected spin population through the (approximate) following relation :

op _ 2¢h <45 >
.]C m 2

(k%uterik?ner) (1_27)

From the expression of the Rashba Hamiltonian (equation 1.23) one would expect that the distance between

the two Fermi contours is :

fguter _ginner — T3 OR (1.28)

Because, the injected spin population is linked to the flow of an incoming 3D spin current 537, one can

draw the relation between these two quantities and the electron relaxation time 7 in the 2DES, as :
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So, by combining all these equations , we can quantify the spin-to-charge conversion efficiency A\;gg, which

corresponds to the ratio between 2P and ;3P so that :

2D
] QRT
A =4 - v 1.30
IEE ;3D a ( )

One should note that A\;gg has the dimension of a length unlike the spin Hall angle which is dimensionless.
Another important remark comes from the fact that A\;gr depends only on the spin-independent scattering
time 7 contrary to the spin Hall effect related to the anomalous velocity which is a spin-dependent quantity.
Therefore, from the expression of A;gg, we observe that in order to maximize the spin-to-charge conversion
efficiency one needs to look for materials with high Rashba coefficient such as the interface between
Ag/Bi[199] or maximize the electron relaxation time by for example isolating the 2DES form all external
relaxation channels such as the 2DES at the interface of LAO/STO which displays one of the largest

reported Argg [200].

1.5.2.3 Direct and Inverse Orbital Rashba Edelstein Effect (OEE)

As shown previously, due to the spatial inversion asymmetry (SIA) an applied electric field produces a
spin polarization perpendicular to the applied field, thanks to the spin-obit coupling. However, because
the electrons carry both spin and orbital moments one would expect an orbital counterpart to the spin
Edelstein effect, so the so-called orbital Edelstein effect. In this case, an applied electric field induces an
orbital magnetization, as illustrated in Figure 1.10. The reciprocal effect is also possible where a net orbital
magnetization can be converted into a charge current and this is known as the inverse orbital Edelstein effect
. It is also interesting to note that the orbital magnetization can emerge from two different contributions,
the first being the orbital moment generated due to the circular motion of the electrons around their
nucleus which produces a net orbital moment L. The second contribution emerges from the self-rotation
of the electron wave packets which can be represented in magnetic Bloch bands as a mechanical angular
momentum L = r x P.[215]

Interestingly, the orbital Edelstein effect has not drawn enough attention when it was first predicted back in
the 80's by Levitov et al[234]. It is only recently that a very strong contributions resulting from wave packet
self-rotation have been predicted to appear in chiral and helical crystals[250, 249] as well as in Rashba

systems[203, 113, 112]. Additionally, for noncentrosymmetric systems in the presence of spin-orbit coupling,
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Figure 1.10: An illustration of the orbital Edelstein effect, where a transverse homogeneous orbital
magnetization is induced due to an external electric field which is applied to a Rashba-split 2DES.

the electrically induced magnetization was found to originate from both spin and orbital Edelstein effects. In
fact, Salemi et al [130] have shown from first principle calculations in noncentrosymmetric antiferromagnets
that the electrically induced magnetization can display both Rahsba-like and Dresselhaus-like symmetries,
where the magnetization have parallel and out-of plane components. More importantly, it seems that the
orbital Edelstein effect does not require the presence of spin-orbit coupling, and it seems to be at least one

order of magnitude higher than the spin Edelstein effect[203].

In order to further understand the underlying physics behind the orbital Edelstein effect, one needs to define

an orbital counterpart to the spin Rashba Hamitonian.

1.56.2.3.1 Orbital Rashba Hamiltonian Similarly to the spin Rashba effect, which is driven by the
Rashba coupling lifting the spin-degeneracy, its orbital counterpart, the orbital Rashba effect is associated
with the emergence of chiral orbital textures even in the absence of the spin-orbit interaction. So, one
would expect an orbital equivalent to the Byachkov-Rashba spin-orbit coupling, the so-called orbital Rashba
Hamiltonian term which couples the orbital degree of freedom to the electron momentum via a Rashba

constant , so it is given by[226] :

Hop = O%RL (z % k) (1.31)

where app is the orbital Rashba constant which depends on the surface potential associated with the spatial

symmetry breaking, and the multiband effects such as sp hybridization. In that case apgr will be given by:
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vayspVs

(1.32)
AESP k=0

QOR =

where v ~ 1 is a parameter dependent on the lattice structure, a is the lattice parameter, vy, is the
nearest-neighbor hopping amplitude between the p,, and s orbitals, and AFE, is the energy bandgap

between p & s bands.

1.56.2.3.2 Orbital textures Similarly to the spin texture, the orbital texture is a direct consequence
of the orbital Rashba coupling where the orbital moment is related to the electron momentum through
equation 1.31, so in order to maximize the orbital Rashba Hamiltonian term one would expect the orbital
moment to lie in the (z = 0) plane and should be perpendicular to the direction of the electron momentum
k. It is also interesting to note, that unlike the spin which has two quantum numbers my = +1/2, the
orbital degree of freedom has a higher number of associated quantum numbers, for example d orbitals
(I = 2) have five quantum numbers m; = 0,+1,£2. This allows for larger Rashba-like splitting in the
orbital textures due to the non-compensation of the antiparallel orbital moment in the inner and outer
Fermi contours as shown in Figure 1.11 a. As a consequence, one would expect the orbital Rashba effect to
exhibit an orbital Edelstein effect even in the absence of spin-orbit coupling, where band-resolved densities
can perfectly compensate each other Ak = 0. Additionally, due to multi-orbital effects, the orbital texture
can display a non-trivial k-dependence as shown in Figure 1.11 b, where we plot the orbital texture of the
in-plane orbital moment obtained from first principle calculations for a two dimensional electron system
(2DES) at SrTiOg interfaces[203]. In the next section, we will introduce the various physical properties of a

quasi 2DES at the interface of two perovskite oxides which are LaAlOg and SrTiO3.
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Figure 1.11: An illustration of the k-dependent orbital textures. (@) Two Fermi contours with opposite
orbital chiralities, where the difference between the orbital moments (purple and blue arrows) in the inner
and outer Fermi contours yield a finite orbital magnetization. [203] (b) A non-tivial orbital texture of the
2DES at the interface of SrTiOs, at a Fermi energy Ey = —14meV .[203]
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Artificially fabricated heterostructures have lead to the discovery of a variety of emerging phenomena,
through parameter engineering of competing orders, leading to novel properties and functionalities. These
efforts have opened up for the possibility to study a new set of physical phenomena at the boundary of two

different materials, which lead to great discoveries in semiconductor physics[181], and more recently, in
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complex oxide physics[186]. A first breakthrough, came from the heterointerface of two perovskite oxides
of LaAlO3(LAO) and SrTiO3(STO), which were shown to harbor a 2 dimensional electron system at the
vicinity of their interface[186]. Since then multiple studies have been published in this regard, demonstrating
the coexistence of a superconducting phase [190] with a ferromagnetic order in the 2DES [197]. Thus,
opening the door for various exotic physical phenomena. Furthermore, another appealing property of
the 2DES, which is the Rashba coupling due the spatial symmetry breaking at the heterointerface was
demonstrated very recently[193], leading to the creation of a spin-to-charge conversion signal in LAO/STO
interface, paving the way for novel spin-based devices[218, 246, 236]. In this context, this thesis will follow
these efforts, and demonstrate that this system still hold many amazing properties. The first part of this
chapter will focus on the recent experimental studies regarding the emerging properties of the LAO/STO
hetrointerface. Later, we will discuss the various mechanisms at play, when it comes to the emergence of
the conductivity at the interface, which will give us a hint into it's origin. Then, a theoretical study of
the electronic structure of the 2DES at the interface will be presented in order to uncover the complex
band structure which is a landmark to the multi-band effects at play in complex metal-oxides . Finally, a
quick review of the pulsed laser deposition technique used for the growth of LAO/STO and the structural
characterization and transport properties which were realized in collaboration with Triscone's group in

Geneva.

2.1 The LAO/STO intreface

2.1.1 A surprising interfacial conductivity

In 2004, Ohtomo and Hwang have been the first to report the metallic behavior of LAO/STO interface[186].
Indeed, by growing a band gap insulator of LAO , Eé:a?,O = 5.6eV, on top of a 001-oriented STO substrate

b Egg;)o = 3.3¢V , a high mobility 2 dimensional electron system (2DES) have been reported, to the
great surprise of the research community. This discovery have been considered as a breakthrough for
multiple application for oxide-based devices, particularly for beyond CMOS applications for future computer
electronics. It is noteworthy to report that LAO was deposited on top of an STO substrate using a pulsed
laser deposition technique. The growth process was controlled to an atomically thin film precision using
reflection high energy electron diffraction (RHEED), where each period in Figure 2.1 a, represents a grown

unit cell of LAO. Surprisingly, the metallic behavior shown in Figure 2.1 b, where we observe a decrease in

the sheet resistance when lowering the temperature down to &~ 2K, is solely observed when LAQO is deposited

'Under the conditions of [186]
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on top TiOy-terminated STO. On the other hand Nishimura et al, have reported a sudden metal-insulator
transition where an insulating behavior was observed when the STO interface is purely SrO-terminated[185],
while we observe a slow transition in the conducting sheet resistance at low temperature when changing the

gradient of SrO coverage 05,02 (see Figure 2.1 c).
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Figure 2.1: Discovery of the metallic behavior at the interface of LAO and TiOs-terminated STO. (a)
Reflection high-energy electron diffraction profile after the growth of 16 u.c of LAO on top of TiOs-terminated
STO substrate.[186](b,d) Temperature dependence of the longitudinal resistance R,,, and carrier mobility
pr of a sample of 60 A of LAO on top of TiOa-terminated STO for different oxygen partial pressures during
the PLD growth ranging from 10* to 105 Torr.[186] (c) Temperature dependence of the sheet resistance of
a sample of LAO/STO with various SrO atomic layer coverage 65,0, where a metal-insulator transition is
observed for a SrO-terminated STO (65,0 = 1).[185]

Furthermore, the growth process can be greatly influenced by the oxygen pressure in the deposition chamber.
We report that at low oxygen pressure below 10~%mbar, the STO substrate can be highly sensitive to defect
formation particularly at high temperature, T'= 800K . Indeed, from Hall measurements at low temperature,
T = 10K , we report a high carrier mobility of 10*cm? - V=1 . 57! and also a high carrier density n; in
the range of 10'® — 10'7e~ /em?, signaling a bulk conductivity in the STO substrate. However, for the
samples grown in lower oxygen pressure, around 10~*mbar, or annealed in oxygen tend to display a much
lower carrier mobility, at least 3 order of magnitudes lower 50cm? - V=1 - 571, and carrier density 10!3 —
10™e~ /em?. In the light of these experimental findings, Thiel at al have been the first to report a the
metal-insulator transition at around 4 u.c[188] of deposited LAO as illustrated in Figure 2.2.

This important finding have been supported by various measurements done in multiple research groups

2The gradient of SrO coverage 05,0 was obtained by a sliding a mask technique where SrO layer was deposited on top of
TiO2-terminated STO.[185]
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Figure 2.2: Universal critical thickness n. for a conducting LAO/STO. The sheet resistance versus the
thickness of LAO layers show a clear insulator-to-metal transition around n. = 4u.c of LAO.[188]

around the world[189, 191]. In this regard, the conduction regime in LAO/STO cannot be attributed to
the diffusion of oxygen vacancies in the bulk of STO substrate, but rather to a special conduction regime,
which can be referred to as a 2D regime, as the name suggest, in this regime the electrons will be trapped
within the top surface of STO at the vicinity to the interface, forming what it's called quasi 2DES. The
demonstration of this conduction regime did not take long before it was proved by the work of Basletic et al
and Copie et al, who used a scanning method to visualize the lateral resistance of LAO/STO (CT-AFM),
through the estimation of the electron density distribution within the interface[189, 191]. In this case, they
have demonstrated that the conduction regime can be either in the bulk of STO, if the the sample is grown
at a high temperature without any annealing, this leads to the creation of highly doped STO substrate
due to the diffusion of oxygen vacancies in the bulk crystal (see Figure 2.3 a), whereas, in the case where
the sample is annealed in an oxygen-rich environment, we observe the appearance of a 2D conduction
regime (see Figure 2.3 b), where a quasi 2D conducting sheet spanning inside the the STO crystal within a
thickness of several nm, which varies when changing the temperature, and ranging from 12nm at T' = 8K
to 3nm at T' = 300K. These results where supported by various other experiments using for example
infrared ellipsometry, and photoelectron spectroscopy[44, 139].

It is also interesting to note that the two-dimensional electron system (2DES) can display a variety of
different emerging properties, which makes LAO/STO a gold mine for the discovery of a variety of novel

exotic phenomena in metal-oxides physics.

2.1.2 Emergence of superconductivity

Since its discovery in 2004, the 2DES at LAO/STO interface has taken a central role as the playground of
various exotic phenomena. The most intriguing of these phenomena is the existence of a superconducting

phase, which brought LAO/STO under the spotlight for the recent years. Indeed, Reyren et al have been
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Figure 2.3: A resistance scan of a transverse cut of LAO/STO heterointerface using an atomic force
microscope mounted with a conducting tip showing the effect of oxygen partial pressure and annealing
process on the transport properties of the sample, (@) the sample is prepared under Pp, = 10~ mbar and
not annealed, and (b) the sample is annealed in an oxygen-rich environment and grown at Pp, = 1070
mbar.[189]

the first to observe the superconducting phase in LAO/STO below 200m K [121], as illustrated in Figure 2.4
a, where we observe a clear metal-to-superconductor phase transition around 200mK. Moreover, the
superconducting phase have been reported to span along a width of 10nm far below the superconducting
coherence length equal to 70nm, demonstrating the 2D character of the superconducting phase transition,
which corresponds to the topological phase transition of Berezinskii-Kosterlitz-Thouless (BKT). Quickly
after, Caviglia et al have shown that the superconducting phase can be modulated by an electrostatic
doping using a backgate voltage[30]. As illustrated in Figure 2.4 b, the phase diagram associated to the

superconducting phase has a dome-like shape, with the highest T~ recorded at around 300mK.
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Figure 2.4: LAO/STO interface displays both superconductivity and magnetism. (a) The temperature
dependence of the sheet resistance, various out-of-plane applied magnetic field, a superconducting phase
transition is observed around 200mK.[121] (b) Phase diagram showing a critical temperature T, which can
be tuned using a gate voltage V,, which allows for an electrostatic doping.[30]
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2.1.3 A Strong Rashba coupling

A key ingredient in LAO/STO physics, resides in the Rashba spin orbit coupling, stemming form the spatial
symmetry breaking at the interface due the strong confining potential, thus lifting the spin degeneracy at
the I" point as shown in Chapter 2. In addition, a bulk contribution to the atomic-spin orbit coupling in STO
crystal will also help lift the spin degeneracy as it will be shown later. Recently, a strong Rashba spin orbit
coupling at LAO/STO interface was reported by Caviglia et al, using magnetotransport measurements, he
observed the appearance of a weak anti-localization regime taking place at positive electrostatic doping[31],
as illustrated in Figure 2.5 a. Similarly, Ben Shalom et al have demonstrated the coexistence of a strong
Rashba spin orbit coupling with the highest T transition temperature as shown in the phase diagram[137]
(see Figure 2.4 b), which opens up the door for possible experimental observations of Mejorana-like
quasi-particles.

These exciting developments have also had an important impact on the emerging field of spintronics, with
the recent developments lead by the work of Reyran et al who have been the first to report the spin injection
into LAO/STO interface[242]. Therefore, paving the way for the exploration of the spin transport in these

complex systems, which will be an important part of this thesis, so far we will not give more details.

(@) o
e A 10f A
0.2 :
8 s -
— - 4 Q
§ 015 - A .
I 2 —
: > 6 r I8 =
] 200 v o] i 15 3
it 5 - m
= 2 | :
ﬂ?‘- 100 Vv q r %’A <
% 50 V L "‘ ] 2 3
= o v of A"ﬁ A 3
T P
0 -? ? ? 1 N l- 1
-300 -200 -100 O 100 200
V(V)

Figure 2.5: A gate tunable spin-orbit coupling. (a) The magneto conductance of a sample of LAO/STO for
various back-gate voltages at "= 1.5K and in perpendicular magnetic field. (b) Left axis, red triangles:
field effect modulation of the Rashba spin splitting A. Right axis, gray diamonds: field effect modulation of
the Rashba coupling constant «.[31]

2.2 Origin of the 2DES

After the surprising discovery of the two dimensional electron system (2DES) at the interface of LAO/STO,
many theoretical explanations regarding the origin of the 2DES have been proposed. However, a unified

theory explaining the origin of the 2DES is still lacking, until now various explanations are still debated. In
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the following, we will review the various scenarios that have been proposed as potential candidates as to the
formation of the 2DES. First, we will present the electronic reconstruction mechanism which is based on the
polar catastrophe scenario. Then, we will review other plausible scenarios based on defects and interface

intermixing.

2.2.1 Polar catastrophe

Initially proposed by Ohmoto and Hwang in their seminal work, the polar catastrophe scenario have
been under the spot as a potential candidate for the origin of the mobile charge carriers at LAO/STO
interface[186]. As a matter of fact, one should recall the ionic picture for the charge distribution along the
[001] direction for the perovskite crystals of LAO and STO. As shown in Figure 2.6 a, the STO crystal
displays two neutral planes, (SrO)° and (TiO2)° , due to the valence states of +2 (resp. +4) for Sr (resp
Ti), whereas the LAO has two oppositely charged planes, (LaO)*! and (AlO3)~!, due to the valence
state of Al and La equal to +3, leading to the creation of a non zero polarization inside the LAO crystal.
Therefore, when growing LAO on top of 001-oriented STO, a strong polar discontinuity at the interface
will occur, giving rise to an electrostatic instability proposed back in the 70's by Tasker et al[111]. A
simple explanation to this electrostatic instability, can be viewed in the picture of plate capacitors, where
in each unit cell (u.c) of LAO we have +1/-1 charges planes. Thus, when increasing the number of LAO
deposited on STO, an electric field will arise inside the LAO layer, leading to an electrostatic potential V'
build-up which will diverge with the LAO thickness, so the name “polar catastrophe”. In order to avoid
this instability, Nakagawa et al have proposed an electronic reconstruction mechanism, which could explain
various experimental observations[104]. In fact, due to the electric potential build up within the LAO layer,
its valence band will be tilted, as illustrated in Figure 2.6 c.

As the number of LAO layer is increased a Zener breakdown occurs at a critical thickness of LAO, for
which the top valence band of LAO is at the level of the bottom conduction band of STO, then a charge
transfer takes places where 0.5 e~ per u.c is transferred from the surface of the LAO layer (O 2p) to the
TiOs-terminated STO at the interface with LAO (where Ti 3d change their valence from Tit to Ti*3),
creating a 2DES at the interface, and canceling the electrostatic potential build up within the LAO layer. On
the other hand, for an SrO-terminated STO, a similar mechanism takes place, where "hole” charge carriers
are transferred to the interface. Nevertheless, no free charge carriers have been observed in this case[186],
mainly because Ti cannot have a valence states higher than +4, and the Oxygen atoms have an ionization
energy twice that of Ti atoms, ruling out the charge transfer mechanism in this type of heterostructures.

The validity of this reconstruction mechanism have been supported by various experimental findings. Indeed,
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Figure 2.6: The polar catastrophe scenario. (a) Schematics representing the polar discontinuity at the
interface of the LAO/TiO; interface, where the the system can be considered as a stacking of capacitor
planes, with a diverging potential, (b) at a certain critical thickness of LAO a charge transfer mechanism
takes place transferring 0.5 e~ /u.c from the surface to the interface with STO.[64] (c)Sketch of the
LAO/STO energy band diagram where a Zener breakdown occurs at a critical tickness t. of the LAO layer
allowing for the creation of 2DES.[158]
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Figure 2.7: (@) a-axis (red dots) and c-axis (purple dots) parameters of the LAO layer as a function of the
film thickness, the solid lines are guide to the eye, and the dashed horizontal line shows the pseudo-cubic bulk
lattice constant and the inset shows the c-axis parameter for the low film thicknesses.[24] (b) Schematics
represent the potential build-up as a function of the thickness of LAO layers for two different samples: a
pure LAO (pink curve) and a diluted LAO with 50% of STO (purple curve), we observe that by changing
the chemical composition of the LAO layers we can change the critical thickness t((;l) (resp. t((;Q)) due to
the modulation of the polarization Py.[120] (c) An experimental measurement of the band alignment of
LAO(5u.c)/STO, where the color map represents the normalized differential conductance with respect to
the general total conductance background.[66] (d) FWHM of La 4d5/, peak for an annealed sample, where
the lines follow the peak-broadening in the case of the polar catastrophe scenario for TiOo-terminated STO.
However, we observe no peak broadening across the film where neither the thickness nor the termination
dependence is observed (red and black dots).[135]

Thiel et al, have been the first to report a critical threshold in the film thickness of LAO layer, where a
conducting LAO/STO was observed only for an LAO thickness above 3 u.c, as illustrated in Figure 2.2,
where various research groups around the world reported similar findings[93, 57]. In addition, Cancellieri et
al have investigated the elastostriction of LAO layer along the c-axis[24], as illustrated in Figure 2.7 a, we
report a large c-axis deformation below 5 u.c thick LAO film, 2% deformation , which can be attributed to
the electrostatic buildup within the LAO layer, whereas above 5 u.c this deformation vanishes demonstrating
that the charge transfer mechanism is at play. Similarly, Reinle-Schmitt et al have shown the possibility to

tune the critical film thickness of the polar LAO layer by changing its polarization[120] (see Figure 2.7 b).

Furthermore, Huang et al have directly measured the band deformation of LAO layer, by a tunneling

microscopic technique indicating the polar catastrophe scenario in the LAO/STO[66] (see Figure 2.7 c).

On the other hand, Segal et al using a core-level photoemission spectroscopy, have found no evidence
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of energy shift of atomic levels of La and Al as function of the film thickness grown on both TiOs- or
SrO-terminated STO[135] (see Figure 2.7 d). In addition, several inconsistencies regarding the polar
catastrophe scenario were raise by Tikazawa et al who found an electric field at least 10 times smaller
than the one predicted by the polar catastrophe scenario, whereas the polarity of the field seemed to be
independent of the STO termination[142]. Another study by Sing et al have shown that both Ti**/Ti3+
components have been spotted below the critical thickness, demonstrating the coexistence of localized and
mobile charge carriers below the critical thickness[139]. In the same direction, Hall effect measurements
yield values of the charge carrier density in the range of 2 — 5 x 10'3 ¢~ /em ™2 at low temperature, far
below the value of 3.3 x 10 e~ /em ™2, which is expected from the reconstruction scenario. Therefore,
supporting the spectroscopic studies introduced previously, which divide the electrons population into mobile
charge carriers which are responsible for the transport measurements and located far from the interface in
the bulk STO, and a population of localized electrons which is trapped at the interface due to impurities

and defects.

2.2.2 Oxygen vacancies

Recently, number of studies have reported that oxygen vacancies can play an important role in the creation
of the 2DES at the LAO/STO interfaces. In fact, from photemission and X-ray absorption spectroscopy,
Siemons et al have reported a large Tit3 signal, which was shown to depend on the partial oxygen pressure
during the growth process

and was substantially diminished after a post-growth annealing under high temperature , 7' > 530°C, and
in high oxygen pressure, 0.2 bar[138] . Siemons et al have also shown that thin films of LAO, 1 to 3 u.c,
grown under low oxygen pressure , P ~ 1075 Torr, display a conducting behavior, whereas under the same
conditions a bare STO substrate was found to be insulating. This demonstrates that an oxygen deficient
LAO layer can lower the energy barrier of the formation of oxygen vacancies at the interface with STO
during the growth process[138]. Similarly, Bristowe et al have reported that the presence of oxygen vacancies
in ultra thin films of LAO can localize the charge transfer carriers to the interface, thus inducing a metal to
oxide transition depending on the thickness of the LAO layer.[21]

Until recently, Cen et al have been able to induce a metal to oxide transition in the buried 2DES using
an AFM tip, which was used to “write” or “erase” conduction paths in the LAO/STO interface[32] (see
Figure 2.8 ¢). This was possible by reducing the film thickness of the LAO layer at its threshold value of 3
u.c. Therefore, the AFM tip can alter the chemical and electrostatic properties at the surface of the LAO

layer, inducing a charge transfer to the interface due to the creation of oxygen vacancies at the surface of
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Figure 2.8: The validity of the oxygen vacancies scenario.(a) Ti*3/Ti** spectral weight ratio and relative
Al 2p core level shift for the complete set of experiments (the x-axis represent the chronological order of
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measurements). (b) A schematic summarizing the absorption process on the energy diagram of LAO/STO.

We observe that the hydrogen species bind to the surface of LAO generating one electron which moves to
the interface (STO CB) accompanied by a shift of LAO bands to lower energies (red arrows).[133] (c) A

sketch of the experimental set-up used to write/erase 1D conducting channels in LAO(3 u.c)/STO sample,
using AFM tip.[180] (d) The film thickness dependence of interfacial resistance for a sample a-LAO/STO,
where the dashed red line represents the critical thickness ¢..[89]
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Figure 2.9: (@) The relative position of various chemical species O,La,Sr,Ti and Al at the interface of
LAO/STO highlighting the interdiffusion at the interface.[165] (b) Right: High-angle annular dark-field
STEM image of a conducting LAO/STO heterointerface grown by MBE, Left: EELS scan where very little
interdiffusion occurs at the interface.[164]

LAO. This was described by Bi et al as the “water cycle”, due to the presence of OH™ and H™ species, as
a result of the dissociated molecules of water at the LAO surface.[9] Thus, creating oxygen vacancies at
the surface, which will release electrons that will be transferred to the interface through the polar LAO.
This agrees with the findings of Sheiderer et al, who reported a Ti*™? signature from X-ray photoelectron
spectroscopy (XPS), when introducing H or H20 into the measurement chamber[133] (see Figure 2.8 a&b).
Additionally, Li et al have deposited various thicknesses of amorphous LAO on STO substrate and have
show that a 2DES can appear at t. ~ 0.8nm, demonstrating the importance of the electron transfer from
the a-LAO to the STO side through the formation of oxygen vacancies at the surface of a-LAO resulting in

insulator-metal transition[89] as shown in Figure 2.8 d.

2.2.3 Cation intermixing

As seen previously, polar discontinuity at the interface can be source of instability, which can be avoided by
introducing a reconstruction mechanism based on atomic reconstruction. Indeed, this mechanism can be at
the source of the conducting behavior of the LAO/STO interface, where the atoms at the interfacial planes
of LAO and STO intermix, in order to compensate for the potential build-up within the LAO layer. In fact,
the interface between LAO and STO can be rougher as one expect from the measurements probing the
interface using x-ray diffraction (SXRD), medium-energy ion spectroscopy (MEIS), and electron energy loss
spectroscopy (EELS),[165, 77, 104] as shown in Figure 2.9. We observe an interdiffusion of La, Sr, Al, Ti
cations, leading to a substitution of La and Sr atoms at the interface. Thus, creating a conducting layer of
La;_,Sr,;TiO3 at the STO side, which can be at the origin of the 2DES (see Figure 2.9 a).

However, Warusawithana et al have shown that when growing LAO/STO sample using molecular beam
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epitaxy (MBE), where a smoother interfaces were obtained ruling out any cation interdiffusion[164] as
shown in Figure 2.9 b, they still observed a conducting behavior of the LAO/STO samples. Furthermore,
the precise thickness dependence can be hardly reconciled with the cation interdiffusion mechanism, which

undermines the consistency of this scenario.

2.2.4 Polarity-induced defects

Despite, the abundance of theories regarding the origin of the 2DES at the interface of LAO/STO, no one
have been able to present simultaneously a unified theory that reckon for all the puzzling experimental
observations in the LAO/STO interface. However, in 2014 Yu and Zunger have succeeded to provide a
unified explanation for wide variety of experimental findings, by addressing the effects of cation substitutions,
cation vacancies and oxygen vacancies all together, for both n-type and p-type interfaces.[171] By considering
the polar discontinuity at the interface, which is a key ingredient in their formulation, Yu and Zenger have
proposed a mechanism which compensate for the electrostatic build-up within the polar LAO layer 3, by
considering only the formation of thermodynamically stable deep and shallow donors and deep acceptor
states, ruling out the pure electrostatic and defect-free scenarios. In the case of an n-type interface, below the
critical thickness (t40 < 4 u.c), one observes the formation of energetically favorable charge defects, due
to the Fermi energy lying within the STO band gap. Thus, we observe the onset of Ti-on-Al substitutions on
the surface of LAO (Ti,(S)) yielding a deep electron donors to the interfacial deep acceptor states formed
by Al-on-Ti substitutions Al (1) at the STO surface near the interface with LAO[171] (see Figure 2.10
a). Typically, these acceptor states are located within the STO band gap (where the Fermi energy lies)
ruling out any mobile carriers, which agrees with the insulating behavior below the critical thickness of
4 u.c . Furthermore, this charge transfer towards deep acceptor states may explain the weaker internal
electric field within the LAO layer. Additionally, form Figure 2.10 c&d, it appears that oxygen vacancies
seem to have a high formation energy, which explains the absence of mobile charge carriers in this regime.
On the other hand, above the critical thickness (tLa0 > 4 u.c), the formation energy of oxygen vacancies
Vo(S) at the LAO surface, becomes favorable as illustrated in Figure 2.10 c, we observe a linear decrease in
the formation energy of Vo(S), with the film thickness t;,40. Thus, due to the internal electric field in
polar LAQ, the shallow charge carriers VJOF/++(S), will be transferred to the interface, where they will be
primarily trapped in the in-gap Al (1) defect states (see Figure 2.10 b). However, the Fermi energy will
be within the bottom of the conduction band of STO, thus leaving a smaller proportion of these shallow

states to form the 2DES, which explains the mysterious “missing charge " problem reported by various

3Which increases linearly with the LAO thickness
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Figure 2.10: (@) Schematics band diagram showing the charge transfer among defect at LAO/STO interface,
where for n;, 40 < L. all charge are trapped in the in gap states Al},;, whereas (b) at np a0 > L. the Vp(S)
at rhe surface of LAO allow for a charge transfer to the in gap states but also to the CB of STO allowing
for the creation of the 2DES. (c) Formation energy of the interfacial point defects at the thermodynamical
equilibrium for both nypa0 < L. and npao = L.. (d) First principle calculations of the energy formation of
oxygen vacancies in oxygen-rich environment versus the the film thickness of LAO.[171]
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experimental studies[137, 30, 128]. However, in the case of a p-type interface, an insulating behavior was
reported regardless of the LAO thickness, which can be explained by the absence of shallow donors which
are thermodynamically unfavorable in this case. Indeed, below critical thickness (tz40 < 4 u.c), we observe
the creation of deep electron donors at the interface due to the onset of La-on-Sr substitutions (Lag, (1))
defect states, and thanks to the internal polar field within the LAO layer, these charge carriers will be
transferred towards deep acceptor states at the surface of LAO, where they will be trapped within the
Sr-on-La substitutions (Sr;,(S)) defects and La vacancies V;,(S) at the surface of LAO.

As a summary, we have presented in this section, a wide variety of possible scenarios which seem to point
towards the polar-induced defect mechanism as a very plausible explanation for the origin of the 2DES at
the LAO/STO interface. Subsequently, due to the complex mechanism giving rise to the 2DES, one needs
a simpler way to understand the physics behind the LAO/STO interface, which can be unveiled through the

study of the band structure of the confined interfacial 2DES.

2.3 Structural and electronic properties

In this section we will give an introduction to the surprising properties of bulk STO, both in its stoichiometric
form and in its doped state, then we will provide a brief description of the tight biding model, which takes
into account the conduction bands at the surface of STO, where the charge carriers are injected thanks to

the polar-induced defect mechanism.

2.3.1 Bulk STO : A versatile insulator

STO is considered as one of the most surprising complex oxides, due its versatility and the wide range of
interesting properties it can display. Indeed, in its stoichiometric form, STO is a wide band gap insulator
with a large band gap E,qp, = 3.2eV, separating the oxygen 2p dominated valence bands (p,, py, p-), form
the Ti 3d dominated conduction bands (dy, dy-, dyz,ds,2_,2,d,2_,2). Therefore, the conduction bands in
STO, can be reduced to the 3d orbitals of an isolated Ti atom with 44 valence state, lying in a cubic crystal
field due to the surrounding oxygen octahedron, which lifts the degeneracy of the empty 3d orbitals[175], as
illustrated in Figure 2.11 a, separating them into a degenerate triplet t2, which is composed of orbitals
pointing at 45° angle with respect to the oxygen atoms (duy, dz=, dy.), and a higher energy doublet, which
lies at 2eV above the o triplet, with the orbital lobes pointing towards the oxygen atoms (ds,2_,2,d,2_,2).
Below a transition temperature T, = 105K, STO undergoes a structural phase transition, from a cubic

to a tetragonal phase, accompanied with an antiferrodistortive (AFD) rotation, which is characterized by
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Figure 2.11: (a) Energy levels of Ti 3d orbitals in the presence of cubic, tetragonal and non-inversion
symmetric tetragonal crystal fields, the values of the energy splittings was determined using both experimental
and theoretical studies. The green labels refer to the irreducible representations of the symmetry point
group to which each orbitals belong.[175] (b) On the top : crystal structure of STO. In the bottom : AFD
phase transition. On the left: T' > 105K before the phase transition and on the right: T' < 105K after the
phase transition where the TiOg octahedral rotate in opposite directions.[46]

the rotation of the oxygen octahedra [46] (as shown in Figure 2.11 b), and an elongation of the c axis
(¢/a = 1.001 at T'= 4K). This phase transition drives the d,, orbitals to higher energies Ar ~ 3meV
above the d,. and d,. orbitals , as illustrated in Figure 2.11 a. One should also note, that the ferroelastic
distortion of Ti atoms do not drive the STO into a ferroelectric phase, due to opposite displacement of
two adjacent Ti atoms. Indeed, STO is know to stay in its paraelectric phase at all finite temperature,
albeit at low temperatures (below 20K), STO becomes a “quantum paraelectric”, where a ferroelectric-like
instability driven by quantum fluctuations competes with the AFD distortions. Thus, driving STO close to
a ferroelectric phase, which is manifested by a large increase in the dielectric constant

esTo, from es7o(300K) ~ 200 to esro(4K) ~ 20000,[101] which will have an important application as
it will be discussed in Chapter 5. However, a ferroelectric phase can be induced in STO, through various
methods such as : strain induced ferroelectricity, oxygen deficiency, cation substitution, or by applying large
electric fields.

Furthermore, an electron-doped STO can undergo a metal-insulator transition at carrier densities as low as
~ 8.5 x 10°em =3, orders of magnitude lower compared to semiconductors like silicon (~ 108em=3) or
germanium (~ 10'7em™3). This can be explained by recalling the Mott criterion which links the Bohr radius

a’; to the critical electron density of the metal-insulator transition 7., through the relation ne!?

ap ~ 0.2,
and since the a¥; is proportional to the dielectric constant which was shown to increase dramatically, this

should explain the low carrier densities of conducting STO. It is also noteworthy to report that bulk STO
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Figure 2.12: (a) Hopping contributions to the Ti-d,, (on the left), and Ti-d,. (on the right) orbitals in the
nearest neighbor approximation, where similar conclusion can be drawn for the Ti-d,, orbitals.[79] (b) Orbital
and lattice deformation due to a strong confining electric field at the LAO/STO interface, we observe that
the hopping between the Ti-d,. and O-p, orbitals is allowed in this case.[80] (c) Schematics representing
the orbital deformation at the interface allowing for an antisymmetric hopping with a v term.[172]

exhibits a superconducting phase at critical temperature around 300m K, displaying a dome-shaped like
phase diagram, with carrier densities as low as ~ 5.5 x 10'7em ™3, which make STO one of the most dilute
superconductors in the market.[190]

Despite all those surprising properties of bulk STO, low dimensional transport channels that occur at the
surface of STO, have attracted a lot of interest from the research community, particularly after the discovery
of the conducting 2DES at the interface of LAO/STO. In the next section will give a brief review of the

“three subband model” which takes into account the lowest energy conduction bands in LAO/STO.

2.3.2 Band structure of LAO/STO interface

Upon adding a confining potential, the 3d orbitals of Ti atoms do not undergo any additional degeneracy
lifting. However, the splitting between the in-plane and out-of-plane orbitals of the 3, and e, bands
are completely modified, as illustrated in Figure 2.11 a. Indeed, From X-ray absorption spectroscopy
measurements, Salluzzo et al have reported a 50meV splitting between the d,, and the d,./d,. orbitals,

and a higher energy splitting of 100meV’ between d,2_,2 and ds.2_,2.[131]
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A way to move from this crystal field picture to the bottom conduction bands of LAO/STO is through the
tight binding model, which quantifies the relevant hopping terms between the nearest neighbors along the
x and y directions, while no hopping along the z-direction is taken into account due the strong confining
potential along the z axis #. In the following we will present the “three sub-band” model proposed by Zhong
et al and Kim et al,[172, 80] which takes into account only the ¢y, lowest energy conduction bands, with a
degenerate d;/d,. sub bands, and a lower energy d,, sub band laying at AE below d,./d,. sub bands.
In Figure 2.12 a, we show the relevant hopping processes, for only the ¢y, orbitals[79]. We observe that the
hopping between two d, orbitals, proceeds though the oxygen p, orbitals in the z-direction and oxygen p,
orbitals in the y-direction, with the same hopping integral t; = 0.277eV obtained from Wannier projection

method, so that the first diagonal term of the tight biding Hamiltonian Hg:QBD is given by :

< xy\H&QBD]xy >= €1 — 2 X (ticos(ky) + ticos(ky) + 2tzcos(ky)cos(ky)) (2.1)

where €1 = eV is the local energy term for all three ¢, orbitals, while 3 = 0.076 corresponds to the
diagonal hopping term along the (110)-direction, giving a smaller hopping integral 5. On the other hand,

the hopping term between the d,. (resp. d..) orbitals is given by :

< yz]Hg?2BD|yz >= € — 2 X (tacos(ky) + ticos(ky) + tscos(ky)) (2.2)
where €2 = eV and the same expression holds for d,., orbitals.

Another important ingredient that needs to be taken into account to describe the physics at the LAO/STO
interface is the spin-orbit coupling. Indeed, an additional term which includes the atomic spin-orbit coupling

Hggc needs to be taken into account, and can be expressed as :

QASO
HIE. = ;LS (2.3)

where L = 7 x ? is the angular momentum operator, S is the spin operator, and Agp is the energy
splitting due to spin orbit interaction in bulk STO. In the original to4 basis (|i,s > where i = yz,zz,xy

respectively and s is the spin state | 1> or | [>) HLE ., reads :

*L. is quantized in this case !
®One should also remark that there is no hopping term along the z-direction due to the confining potential.

42



CHAPTER 2. THE INTERFACE BETWEEN LAO/STO (001)

Tk 2 © —A=0.4eV
15F 05 /--2uk) 1 — OV
0.1V

0.0 0.1 0.2

Spin splitting(meV)

00 05 0
k, (in unit of 1/a); k =0

(d) With atomic spin-orbit coupling

4

Energy

Heavy d,,/d,»
S

X Bensiry of states (a.u.) Spin-orbit strength {a'.u.J

Figure 2.13: (a) 3D band structure of LAO/STO, the figures in different colors represent the Fermi surfaces
at different Fermi levels. (Our calculations of the band structure) (b) Calculated spin splitting for the
lowest band of the 6 x 6 TB Hamiltonian for various energy splitting Ay which quantify the vanishing
hopping term of the Ti-d,./Ti-d,. along the z-direction due to the symmetry breaking at the interface, the
figure in the inset shows k-linear (resp. k-cubic) for Ay > 0 (resp. Ay < 0).[172] (c) angular dependence
of the Rashba coefficient at the anticrossing points (red curve) and at lower Fermi energy (in d,, bands)
green curve.[172] (d)On the left : calculated band structure of LAO/STO along [100]-direction and on the
right: we map the density of states and the strength of the spin-obit coupling to the corresponding energy
levels in the band structure.[75]
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0 o, —Oy
HTB ;280 2.4
soc =t—g— | =0z 0 Oz (2.4)
oy —Oy 0

with o, 0y, 0, the Pauli matrices. The SO energy splitting Ago, have been estimated by Zhong et al
form DFT calculations in bulk STO to be equal to 29meV . However, experimental studies seem to have
some difficulties at estimating Ago, which is not clearly defined according to Bistritzer et al.[15].

At this stage, one should observe that both Hamiltonians HOCCQBD and HsT*ng conserve their inversion
symmetry which is in stark contrast with the symmetry breaking at the interface of LAO/STO. Therefore,
we need to take into account the effects of the strong confining field at interface, on the 3d Ti orbitals. In
fact, two main effects result from this confining potential. The first results into an orbital polarization, due
to the deformation of the orbital lobes of Ti and Oxygen atoms, sending the electrons closer to the interface.
While , the second effect consists of the so-called “buckling” of the TiO2 planes, which was observed by
Pauli et al.[114]. It is caused by the displacement of Ti atoms away from the interface, while the Oxygen
atoms are attracted closer to the interface, leading to a lattice polarization as illustrated in Figure 2.12 b.
An important consequence of the orbital and lattice polarization is the creation of new hopping channels
between ¢, orbitals, allowing for the hopping between the d,, and d,. orbitals along the Oxygen p, orbital
which is forbidden in the case of bulk STO. As a matter of fact, an additional Hamiltonian which takes
into account the symmetry breaking at the interface, thus the Rashba coupling at the interface, can be

expressed as® :

0 0 —2isin(ky)
HEP = 0 0 —2isin(ky) (2.5)
2isin(ky) 2isin(ky) 0

where v =< xy|HTB|yz > represents the anti-symmetric hopping between dgy and d,. orbitals which
changes sign upon symmetry inversion as shown in Figure 2.12 c. In fact, Zhong et al estimated v ~ 20meV
for all n-type interfaces. Lastly, to obtain the band structure of LAO/STO, a diagonalization of the combined
6 x 6 Hamiltonian Hg:zBD + HLB . + HLP | which contains all the contributions described above.[172]
In Figure 2.13 a, we plot the band structure and the Fermi surfaces of the t5, orbitals at the LAO/STO
interface. The first observation comes from the Figure 2.12 a, where the lower energies bands conserve

their d,, nature, displaying an isotropic (circular) Fermi surface. Furthermore, the effect of SOC on the d,

®In the same orbital basis as equation 3.4
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orbitals can be seen from the Fermi surface, which contains two circular Fermi contours with opposite spin
chiralities. Zhong et al have shown that the SOC results into a dominant k-linear and k-cubic contributions
in the ty, orbitals, where the highest spin-splitting occurs at the band crossing of the d,, and d,./d,.
bands, at a value of 18meV as illustrated in Figure 2.13 b. Joshua et al have reported a maximum atomic
spin orbit (L - S) strength at the avoided band crossing points[75] (see Figure 2.13 d), which was confirmed
by various experimental studies. He also argued that the atomic SOC has the strongest effects on the band
structure of 3d degenerate orbitals. From Figure 2.13 ¢, we observe that the Fermi surface at the band
crossing is highly anistropic, giving rise to a four-fold symmetric Rashba coefficient, which we will discuss in
more details in Chapter 5.

A more realistic band structure for STO interfaces was calculated by Johansson et al using an 8 x 8 tight
biding model[203]. In Figure 2.14 a, the band structure displays multiple avoided band crossings, which are
either topologically trivial or non-trivial, leading to a sign changes and extremas in the conversion efficiency
for the spin-dependent Eldenstein Effect (SEE), which was confirmed experimentally by Vaz et al.[29] (see
Figure 2.14 d). However, another strong contribution to the conversion efficiency can be attributed to the
orbital Eldenstein Effect (OEE), which can be associated to the strongly uncompensated orbital moments
among band pairs, as shown in Figure 2.14 b&c, where a no sign change have been reported below (0.02eV'),
and a strong contribution at the first avoided band crossing, dominating the SEE contributions.[203, 81] In
Chapter 5, we will shed more light into these fascinating complex multi-band effects, by taking into account

both the SEE and OEE contributions to the spin-to-charge conversion signal in the 2DES.

2.4 Sample Growth and characterization

In this section we will give a short review of the Pulsed Laser Deposition (PLD) technique used in the
fabrication process of the LAO/STO heterostructures, and we will also present the structural and the
electronic properties which were realized through the characterization of the LAO/STO samples using

various measurements.

2.4.1 PLD growth

The LAO layers were deposited at the University of Geneva in the group of Jean-Marc Triscone, using
Pulsed Laser deposition (PLD), which relies on a short and intense laser pulse (=~ 50m.J, 25ns, produced by
an Eximer laser), which is focused on the target which contains the desired material to be deposited, and it

is placed inside a vacuum chamber. Due to the absorption of the laser power, the material is ablated and
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Figure 2.14: (a) Band structure of STO interface 2DEG using 8 x 8 TB Hamiltonian. In the inset: A
zoom of the band structure picturing a Rashba-like spin-plitting. (b) The 6 figures represent the Fermi
surface at 3 different Fermi levels, where we plot the expectation values of the spin (red) and orbital (blue)
momentums in units of A, and each arrow represents the in the left (right) panel represents the direction
of the outer (inner) bands moments. (c) Spin and orbital Edelstein effects efficiencies dependence on the
Fermi energy.[203] (d) Inverse Eldelstein characteristic length measured for a sample of AlO,/STO versus
a back-gate voltage.[29]
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Figure 2.15: (@) Scheme describing the different elements of the pulsed laser deposition set up. (b) Three
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The bottom figures represent the associated RHEED intensity profile versus time for three different growth
modes ( here the time axis is not at the same scale for all the three figures).[47]

forms a plasma “plume” which propagates perpendicularly with respect to the target surface, as illustrated
in Figure 2.15 a. Usually a substrate is placed in front of the target, allowing for the deposition of the
species within the plume, through a stoichiometric transfer. Since the deposited ad-atoms will diffuse on
the substrate, several factor should be taken into account 7, which could modify the diffusion length of
the ad-atoms, creating three different growth modes : step flow growth, layer by layer growth and a 3D
growth, as illustrated in Figure 2.15 b. Additionally, one can monitor the growth process in-situ by using
Reflection High-Energy Electron Diffraction (RHEED). This technique relies on an accelerated electron
beam (21kV') which is sent in a grazing incidence angle (< 2°) on the surface of the substrate, so that it is
reflected by only the top layers of the growing material, and create a constructive interference pattern on a
fully crystalline surface, thus by looking at the maximum intensity in the interference pattern we can keep
track of the growth order during the deposition. In Figure 2.12 b, we plot the RHEED intensity for all three
different growth modes. In the layer by layer mode we observe that the RHEED diffraction pattern presents

oscillations which testify for the layer by layer growth. On the opposite, the RHEED signal in the step flow

"Such as the temperature of the substrate, surface binding energy,etc.
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growth presents sharp oscillations representing the pulse count for each diffusion cycle. Lastly, the RHEED

signal in the 3D growth mode decreases exponentially with time presenting no oscillations.

2.4.2 Samples characterization

In order to check the quality of the fabricated samples. The LAO/STO samples where characterized at the
University of Geneva, using various techniques such as the Atomic Force Microscopy (AFM), and transport
measurements. In the Figure 2.16 a, we plot the RHEED oscillations obtained for 9 u.c LAO layer deposited
on top of the TiO4 terminated STO, we observe clearly the 9 oscillations in the RHEED diffraction pattern
testifying for the thickness of the LAO layer. On the other hand, the samples were also characterized using
AFM surface topography imaging, which is shown in Figure 2.16 b. We observe that the deposited LAO
layer, in this case 10 u.c LAO, reproduces clearly the steps and terrace structure of the STO substrate,
with 1 u.c steps. The samples were also characterized electrically, by measuring the sheet resistance of the
LAO/STO samples, while decreasing the temperature, we observe a net decrease in the sheet resistance,
as illustrated in Figure 2.16 c, demonstrating the metallic behavior of the LAO/STO samples, for TiOq
terminated STO substrates as expected from previous studies[188, 93, 57]. In the next chapter we will
present the various experimental techniques used to characterize the LAO/STO samples by measuring the

spin-to-charge conversion signal.
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Figure 2.16: Characterization of the LAO/STO samples at the university of Geneva, (a) RHEED oscillation
profile for a sample of LAO(9 u.c)/STO. (b) 2D topography map of the surface of a sample of LAO(10
u.c)/STO, where we observe flat terraces followed by abrupt unit call steps. (b)Sheet resistance versus the
temperature, we observe a decrease of the resistance at low temperature signalling a metallic behavior in
the LAO/STO sample.[47]
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After the prediction of the direct and inverse spin Hall effect by Dyakonov et al.[179], various experimental

studies have demonstrated the possibility to convert a spin current into a charge current, particularly in

heavy metals like Pt, Ta, and Au which display a large spin Hall angle, thanks to the strong atomic spin orbit
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coupling which is supposed to increase with the atomic number Z as ~ Z% in the case of a hydrogen-like
atom[122, 169, 109].

Recently another type of spin orbit coupling have been discovered in 2D systems without inversion symmetry,
relying on the Rashba interaction?, which stems from a joint action of the spin orbit coupling and an electric
field built-in at the interface of two different materials as described by Byachkov and Rashba[214]. Various
Rashba systems have displayed a promising spin-to-charge conversion efficiency, such as the interfaces of 2D
quantum wells in doped semiconductor, such as AlGaN/GaN [91] or InGaAs/InAlAs [84]), metallic surface
alloys, such as Ag/Bi(111)[200], 2DES oxide interfaces, such as LAO/STO [199] or more recently in some
topological insulators, to cite few a-Sn[124], and HgTe[108].

In this chapter, we will give an overview about the variety of systems which display highly efficient spin-to-
charge conversion efficiency, such as 2DES oxide-based interfaces which are considered as one of the best
converters in the literature, particularly LAO/STO, which displays a variety of very interesting properties 2.
In the following we will introduce the technical details regarding the spin pumping technique which is driven
by the ferromagnetic resonance, then we will present the spin injection mechanism and an estimation of the
conversion efficiency, and later we will give a quick review of our experimental setup. Lastly, we will present

a different technique to perform spin injection, which relies on the spin Seebeck effect.

3.1 Highly efficient spin-to-charge conversion

3.1.1 Spin Hall effect in heavy metals

Heavy metals with 4d or 5d incomplete orbital shells such as Pt, Ta, and W display a large intrinsic spin orbit
coupling[134, 56, 162]. On the other hand, metallic systems doped with heavy impurities like Cu doped
with Ir or Bi can also display a strong extrinsic spin orbit coupling[174, 107, 106, 118]. Taking advantage
of the strong SOC in these materials, multiple studies have been performed using ISHE in heavy metals
such as Pt, which displays positive spin Hall angle, contrary to Ta or W which display negative spin Hall
angle. This was shown by the study performed by Hahn et al. and Castel et al. [56, 28] (see Figure 3.1
a), where a complete study of the ISHE in both Ta and Pt with respect to the film thickness, allowing for
an estimation of transport parameters such as the spin diffusion length for YIG|Pt and YIG|Ta samples,
giving ALt = 3.04+0.5nm and A1¢ = 1.84:0.7nm [128] , and spin Hall angle 6% ~ —0.02 and 6%%; ~ 0.03.

Indeed, from these parameters, we can estimate the spin to charge conversion efficiency in Pt (resp Ta)

1See Chapter 2 for more details
2See Chapter 3 for more details
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which is evaluated to be )\fff ~ 0.09nm (resp )‘Zflf ~ 0.036nm ), which is quite significant. In the quest
to fetch for highly efficient spin to charge converters, it seems that heavy metal are not the ideal candidates

for various reasons.
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Figure 3.1: Spin Hall measurements in heavy metals. (a) Inverse spin Hall voltage measured at 3.5 GHz
for two samples YIG|Pt (blue) and YIG|Ta (red), in the inset we plot a sketch of the experiment.[56] (b)
Spin Hall angle versus the longitudinal conductivity of Pt, the black solid line corresponds to the intrinsic
contribution. In the inset we plot the spin Hall conductivity for the same data, and the horizontal axis is
the same as in the main panel.[128]

First, Sagasta et al. have shown that the spin relaxation mechanism in Pt is dominated by the Elliot Yaffet
mechanism, owing to the fact that the measured spin diffusion length is proportional to the conductivity of
the Pt layer[128]. Interestingly, the spin Hall angle was reported to decrease with respect to Pt conductivity
as shown in Figure 3.1 b. We observe that in order to increase 05, from 0.02 to 0.17, the resistivity of Pt
should be increased from ~ 7 to 7T0uf2 - ¢cm , which is quite inefficient with respect to the dissipation effects
that limit the current density that could be sent through these devices. Nevertheless, there are interesting
ideas to work around this issue, by combining both intrinsic and extrinsic SOC in order to optimize the
Osg, without increasing the resistivity , like in AuW alloys as shown by Laczkowski et al. who reported
a large spin diffusion length )\fd“W = 1.2nm and Ogy = 0.1, which is at least one order of magnitude
higher than gold.[86] It is also interesting to note that the reported large extrinsic spin Hall effect in heavy
metal alloys, such as AuW[87] or AuTa[86], is still much lower compared to other systems such as 2D
topological insulators (TI), as shown by Jiang et al who reported a spin-to-charge conversion signal in
(Bio.245bg.76)2Te3/Y IG ten times larger than in Pt/YIG.[72]

To summarize, we have shown that heavy metal alloys, which rely on large extrinsic SOC, can be good

candidate for spin-to-charge conversion. However, new types of 2D systems with large Rashba coefficient

have been showing very promising properties which we will discuss in the next subsections.
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3.1.2 Edelstein effect in various systems

3.1.2.1 Metallic surfaces and interfaces
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Figure 3.2: The Rashba-Edelstein effect at the Ag|Bi metallic interface. (a) The Rashba-split band structure
of Ag|Bi.[3] (b) A sketch of the spin pumping experiment applied to NiFe|Ag|Bi heterostructure, where the
spin current Js is converted into a charge current J., which is detected as a voltage drop at both ends
of the sample.[199] (c) Spin-to-charge conversion signal measured at 8.5 GHz for two different samples
Fe|Bi and Fe|Bi|Ag.[132] (d) Spin pumping experiment applied to two reference samples (from left to right)
NiFe|Ag and NiFe|Bi, and the Rashba system NiFe|Ag|Bi ( figure to the right). FMR signal (top panel) and
the spin-to-charge conversion current (bottom panel).[199]

After the theoretical prediction of the Rashba splitting at metallic surface states by Bihimayer et al.[12],
different experimental studies, relying on surfaces sensitive spectroscopy techniques such as the angle
resolved photo-emission spectroscopy (ARPES), have reported a band splitting in a variety of different
metallic surfaces including Au(111)[151], Ag(111)[167], Cu(111)[143]. Indeed, metallic surface states
break the inversion symmetry and involve a finite effective electric field which allows for spin-manipulation.
Similarly, metallic interfaces can also display a large spin-to-charge conversion efficiency as shown by Rojas
Sanchez et al using Ag/Bi(111) interface[199]. Indeed, it displays a higher Rashba splitting compared
to Ag(111) or Bi(111) surface states, due to a drastic change in the orbital character at the interface
between Ag and Bi, as calculated by Bihimayer et al.[13], thus leading to an increase in the Rashba splitting
(see Figure 3.2 a). This large spin-to-charge conversion efficiency was evidenced, using a spin pumping
technique, which injects a spin population into the Ag/Bi interface, leading to the creation of a charge

current, thanks to the IEE ,which translates into a voltage peak measured along two electrical contacts (
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see Figure 3.2 b ). The measured IEE current, which was reported for three different systems NiFe/Ag,
NiFe/Bi and NiFe/Ag/Bi, is the highest in the Ag/Bi interface followed by Bi, which can be attributed not
only to the interface with NiFe layer, but also to a bulk contribution due the ISHE[199]. As a matter of fact,
Sangiao et al have reported a sign change, when comparing the IEE signal in Fe/Bi/Ag and ISHE signal
in Fe/Bi, respectively[132] (see Figure 3.2 c). This underlines the IEE nature of the signal in Fe/Bi/Ag,
which is of opposite sign to the signal reported by Rojas Sanchez et al in NiFe/Ag/Bi with reverse stacking
order. Even though some metallic surface and interface states display a very a strong Rashba coupling,
they are far behind in term of conversion efficiency compared to more exotic materials like oxide interface

states[200, 29].

3.1.2.2 2DES oxide-based interfaces
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Figure 3.3: The Rashba-Edelstein effect at the LAO|STO interface. (a) Top panel : a sketch of a 3-T
Hanle measurement applied to the Co| LAO|STO heterostructure, where the magnetic field is applied either
perpendicular or parallel to the sample plane. Bottom panel: the |-V characteristic curve of the sample at
T = 12K.[242](b) Spin-to-charge characteristic length A\;pg versus backgate voltage, where a maximum
conversion efficiency is recorded at around V;; = 125V, corresponding to the band anti-crossing region.[200]

Oxide interfaces have drawn a lot of attention these last few years, especially with the discovery of the 2DES
at the interface of LAO/STO 3, by Ohtomo et al.[186] This 2DES has been studied extensively, owing to

the fact that it displays variety of interesting physical properties, such as superconductivity reported below

3See Chapter 3 for more details
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300mK [121], magnetism [8] and a gate tuneable strong spin-orbit coupling as demonstrated by Caviglia
et al.[31] (see Figure 2.5), which can be very appealing for spin manipulation in spintronic applications®.
Reyren et al. have been the first to report the possibility to inject a spin current through the LAO barrier ,
which can be tuned using electrostatic in a backgate geometry[242]. They also demonstrated the possibility
to reach a resonant tunneling regime by applied a backgate voltage (see Figure 3.3 a). As a matter of fact,
spin-to-charge conversion in LAO/STO can benefit greatly from the tuneability of the transport parameters
5 using electrostatic doping. The first evidence of this highly tuneable spin-to-charge conversion signal,
was reported by Lesne et al, who measured a high conversion efficiency A\;pr ~ 6.4nm[200], which is 1
order of magnitude higher than recorded in Ag/Bi(111) A;gr ~ 0.3nm[199], by Rojas Sanchez. This high
efficiency in spin-to-charge conversion in LAO/STO is mainly due the multi-orbital nature of the interfacial
2DES at some specific points of the Fermi surface (see Figure 3.3 b), but also to the very large electron
relaxation time (740,570 &~ 1.4 x 107125)[50, 193]. It is at least 3 orders of magnitude higher than in
Ag/Bi (Tag/pi = 5 x 107195 )[199], due to the fact that the electrons at the interface in LAO/STO are
very well isolated from relaxation channels ®. Furthermore, Chauleau et al reported a high spin-to-charge
conversion efficiency in LAO/STO, A\;gpr ~ lnm at T ~ 77K, which seems to decrease when increasing the
temperature, to reach A\;gg ~ 0.15nm at room temperature[34] (see Figure 3.4 a), which can be explained
by a 2 orders of magnitude decrease in the electron mobility of the 2DES when heated to room temperature
(u ~ 1000 — 5000cm? - V=1 - 571 at low temperature[49]). A consistent increase of A\;pp = +3.9nm at
T = 20K [110] was reported by Ohya et al., in complete opposition to the results of Song et al and Wang et
al, who reported an increase of A\;gp while increasing the temperature, which was associated to the decrease
of spin transparency through the LAO barrier[140, 163]. Chauleau et al, also reported anisotropic angular
dependence of A\;pr[34] (see Figure 3.4 b), which can be associated to spin polarized angular dependence of
the Rashba coefficient or the electron relaxation time. Recently, a highly efficient spin-to-charge conversion
has been reported by Vaz et al[158] in the SrTiO3 based 2DES formed through the deposition of Al layer
on top of STO, which was first discovered by Rodel et al[127]. This 2DES has the particularity of having a
higher carrier density compared to LAO/STO, leading to a more complex interplay between different ta,
sub-bands, and specially to a topological band inversion yielding a high spin-to-charge conversion efficiency
A1eg = —20nm . Despite being very promising candidates for spintronic applications, these SrTiO3 based
2DES have not been studied extensively when it comes to their highly efficient orbital Edelstein effect

which was predicted to dominated the spin Edelestein effect. As a matter of fact, we need to uncover the

*particularly in spin-FET applications[218, 246]
®Rashba coefficient, electron mobility, electron relaxation time[193, 50]
®Contrary to Ag/Bi the electrons relax quickly in the metallic layer
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orbital and spin nature of the spin-to-charge conversion signal in SrTiO3 based 2DES, in order to elucidate
the exotic physics behind complex oxides, which we will investigate further in Chapter 5. Furthermore,
in the following subsection, we will introduce some technicalities with respect to the experiments that
where undertaken in order to study spin-to-charge conversion signals in LAO/STO. The first experiment
relies on ferromagnetic resonance using the spin pumping technique, which will be presented and we will
give an overview of the experimental setup that was developed in this context. Secondly, we will give a
brief introduction to the spin Seebeck effect, which was used in the second experimental setup in order to

measure the spin-to-charge conversion signal.
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Figure 3.4: (a) Temperature variation of A\;gg for a sample of NiFe|LAO(4u.c)|STO, showing an activation-
like behavior. (b) Non-trivial angular dependence of A;gp for the same sample at 7' = 77K, attributed to
the non-trivial symmetry of d-orbitals (bottom panel) which participate in the conduction bands.[34]

3.2 Spin injection using various techniques

The basic idea behind the spin-to-charge conversion effect relies on the conversion of a pure spin current into
a charge current. Thus, the necessity to create a pure spin current driven via a spin transfer mechanism into
a highly efficient spin-to-charge converter. For this reason, we need a very effective technique, which will
inject a spin population without any charge injection, in order to avoid any spurious effect on the detected
charge signal. In this regard, two very efficient techniques have been applied to study the spin-to-charge
conversion signal. The first technique, is based on spin pumping by ferromagnetic resonance which was
first introduced by Saitoh et al and various other research groups[129, 38]. This technique has been used

extensively to study spin-to-charge conversion in plenty of different systems, ranging from heavy metals,
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topological insulators to semiconductor heterostructures. The second technique rests on the spin Seebeck
effect, first reported experimentally by Uchida et al in which a spin voltage was detected on permalloy layer
submitted to a temperature gradient[152]. This technique has been also studied using a variety of heat
sources in order to generate a pure spin current, which opens up the door for various thermo-spintronic
applications like a thermo-electric power generator or temperature gradient sensors.

In the following section, we will present the theoretical description of the ferromagnetic resonance, and
its application into spin pumping first introduced by Tserkovniak et al[150, 20]. Then we will give a brief
overview of the spin injection mechanism, followed by a quantification of spin-to-charge conversion efficiency,
and later we will present the experimental apparatus for the spin pumping experiment. Secondly, we will
give a quick introduction to the spin Seebeck effect, where we will present the theoretical framework behind
it, which was first introduced by Johnson and Silsbee[73]. In addition we will present some results and give
a brief analysis on spurious effects encountered when using this technique. Lastly, we will put forward the

technical details regarding the experimental set up used for thermal spin injection.

3.2.1 Spin pumping experiment
3.2.1.1 Magnetization dynamics : Phenomenological description

In the following, we will refer to ferromagnetic materials (FM), as particular systems displaying a spontaneous
magnetization below a certain critical temperature, called the Curie temperature T,.. This phase transition
takes place due to a spontaneous symmetry breaking, driven mainly by the exchange interaction which
couples the spin degree of freedom of the system leading to a net magnetization which can be represented
by a single vector ]\—4> = M, where M, is the saturation magnetization and 7 is a unit vector . The
first phenomenological description of magnetization dynamics was proposed by Landau and Lifschitz and
later generalized by Gilbert[88, 53]. It is also notable, to inform the reader that throughout all the following

discussion we will consider the magnetization to be uniform or slowly varying in space.

%
3.2.1.1.1 Landau-Lifschitz-Gilbert equation The equation of motion of the magnetization M is
= —
governed by the effective field H.r; which couples to M, by exerting a torque ? on the magnetization

given by :

T =M x Hopy (3.1)

this yields the following equation of motion, also called the Landau-Lifschitz equation :
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%
M —
% - —g—gbj\_f x Hey/ (32)

where g is the Landé factor which is close to 2, u is the Bohr magnetron, the expression —gpuy/h is denoted
~ and it is called the gyromagnetic ratio which denotes the collective motion of magnetic moments , whereas
fof} = —8Hm(]\_4>)/8]\_4> is the effective field, which is determined by the magnetic Hamiltonian of the FM
system Hm(]\_j) . This effective field is given as the sum of different contributions, mainly:

— = = —
Hepp = Hegt + Hg + Hanis, (3.3)

where Pm is the external applied magnetic field, 17; is the demagnetization field created by the magnetization
itself and m is the anisotropy field, which can be associated to magneto-crystalline anisotropy, surface
anisotropy or magneto-elastic coupling. It is important to note that this equation ensures the conservation
of the norm of the magnetization vector, which can be easily verified by multiplying both sides of equation ,
which gives :

0 =2
|7 =0 (3.4)

In this regard, the equation 3.2 predicts a uniform precession of the magnetization, also known as the Larmor
precession, which implies a dissipationless perpetual precession of the magnetization which seems unrealistic
in nature, due to the existence of some dissipation channels which are going to transfer the energy of the
uniform precession mode into incoherent energy modes via the coupling of the magnetization to different
degrees of freedom, like magnons, conduction electrons and phonons. In order to cover those relaxation
mechanisms, the equation needs to be extended, which can be complicated if one wants to include these
coupling mechanisms explicitly. Gilbert proposed a phenomenological damping term corresponding to a
viscous “friction” torque which is proportional to the magnetization and to a damping constant «, which
force the magnetization to precess in a spiral motion and return to its equilibrium position after a time

T = (ayH.sf)~, this equation is given by[53] :

—
—— = —yM x Hypf + ~—M x —— (3.5)

This equation is called the Landau-Lifschitz-Gilbert equation (LLG), which contains two different terms.
The first term is equivalent to equation 3.2 , which describes the precession of the magnetization around
e

H,yr, while the second term corresponds to a damping torque which is proportional to the cross product of

the magnetization and the “magnetization velocity”, which forces back the magnetization to its equilibrium
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Figure 3.5: Magnetization dynamics, which is driven by two different contributions: a precession torque
which rotates the magnetization around its effective field H.rr, and a Gilbert damping torque which aligns

—_—
the magnetization with H.y.

position as shown in Figure 3.5 .
In addition, if the damping term « is small enough, the equation can be written using the Landau-Lifschitz
damping term, given by :
%
oM SN

— e a — —

It is also interesting to note that both equations 3.5 & 3.6, ensure the conservation of the norm of the
magnetization vector as shown in equation 3.2 .
In the next section, we will introduce an additional external field which will not be static but dynamic this

time, in order to study the ferromagnetic resonance in thin films.

3.2.1.1.2 Ferromagnetic resonance In order to study the ferromagnetic resonance in thin films,
we need to apply an oscillating excitation field ﬁ which will drive the magnetization precession out of
equilibrium. When applying ﬁ perpendicular to the external effective field I?f} the resulting torque driving
the magnetization will counterbalance the damping torque as represented in Figure 3.6 a, where we observe
that the torque induced by ﬁ) will point outward, counteracting the inward motion of the magnetization set
by the damping torque which point toward fff; When the resonance condition is reached by tuning the
frequency of ﬁ so that it coincides with the resonance frequency fy.s, which can be calculated from the
magnetic properties of the sample and the external applied field. It will be quantified later, using Kittel's
formula[83]. Under these conditions, the oscillating field ﬁ induced-torque will rotate at the same frequency

as the magnetization, therefore it will perfectly cancel the damping torque, leading to a steady precession
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state of the magnetization. This corresponds to the resonant absorption of a photon by an electron in the
ferromagnet, thus creating a magnon which will reduce the longitudinal component of the magnetization by
vk, this phenomenon is known as the Ferromagnetic Resonance (FMR).

To gain further insight into the physics behind the ferromagnetic resonance, we will try to give a a very
brief review of the main calculation steps, in order to extract the expression of the magnetic susceptibility
response for a sinusoidal oscillating external field. For more details involving those calculations we will refer
the reader to the book of Gurevich and Melkov[55], which gives a detailed solution of equation . In the first
step we need to linearize and solve the equation of motion , by considering a sinusoidal driving field ﬁ We
assume that the magnetic field and magnetization in equation 3.6 , can be written as the sum of a steady

and alternating contributions :
T T
H=Hy+ 7 , M=My+m (3.7)
under the assumption of very small excitation :
— — —
I 7)) << [[Holl , [|7]| << |[Mo] (38)

Then, after the linearization of equation 3.6 , we get :

— — — =
iwm + ’Ym X Hy + %m X Mo =—vMy x h (39)
0
After projecting the linearized equation 3.9 , we can retrieve the magnetization response which is proportional

to the driving field ﬁ through:

- =
M=Xh (3.10)
where X is the susceptibility tensor, which has the following expression’[115, 161] :
X iXa O
? = _iXa X 0 (3'11)
0 0 x

where x, x, and x| are the various susceptibility components of the susceptibility tensor, we should also

note that the FMR absorption power will be proportional to the imaginary part of x = x’ + ix”, through

for a detailed expression of X see Appendix A
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the expression :

P =wy"|h|? (3.12)

with :

y oz’yMOw(w%I + (14 a)?w?)
xX= (wW? — (1 + a)?w?) + 4a2w2w? (3.13)
H H

where wy = vH. The expression of x” corresponds to a lorentizian curve, of the form 1/(1 + 2),

where = (H — w/7)/(aw). In Figure 3.6 b , we plot the lorentzian absorption line, with a width Ag,

7

corresponding to intervals between f or H at the points where " = x//

/2, given by :

AH — draf

. Af=2af (3.14)

When the resonance condition is reached in equation 3.13 , the resonance frequency, fres ,can be extracted
by taking into account the geometry of the sample which yields the Kittel's formula[83] for an ellipsoidal

sample:

Fros = %((H + (N, — NL)M,)(H + (N, — N.)M,))H? (3.15)

where N, Ny, N, are the demagnetization factors along the 3 different direction of the ellipsoid (see

Figure 3.6 c), in the case of a thin film with an in-plane magnetization, the equation can be re-written as :

fres = 21 H(H + 47 Ms) (3.16)
T

Thus, linking the resonance frequency to the saturation magnetization My, and to the static component of
the magnetic field H.
On the other hand, we measure usually the derivative of the lorentzian 9x” /90, either sweeping the
magnetic field H , while f = cste, or sweeping the frequency f, while H = cste. In the former case, the
peak-to-peak linewidth AH,, = (2AH)/+/3, can be rewritten using equation 3.14, as:

2 aw

Ay = 22— (3.17)

this expression links the linewidth of the FMR signal AH,, to the Gilbert damping parameter a. An
additional term AH( can be added to the expression above, to account for the contribution stemming
from the inhomogeneities of the FM layer, leading to a further broadening of the FMR spectra. These

local inhomogeneities can be attributed to the local variations in the properties of the FM layer, such as
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Figure 3.6: The ferromagnetic resonance in FM material. (a) a sketch of the magnetization dynamics in

A J

>

the presence of rf excitation f;} which drives the auto-oscillation of the magnetization, so that the Gilbert
damping term is canceled at the resonance.(b) The imaginary pat of the susceptibility response function
versus the free parameter 5 (which represents either the field H or the frequency w).(c) Ellipsoidal sample
with three axis defining the three different directions of the sample.

the magnetization, external magnetic field or the anisotropy. Indeed, local differences in the resonance
fields between different parts of the sample will lead to a wider resonance peak resulting from the sum of
individual resonance peaks for each region of the sample.

As a matter of fact, the FMR is a powerful tool to characterize some magnetic properties of our sample, but
it can also be used to do a spin pumping experiment through a mechanism called spin injection, in order to
do spin-to-charge intreconversion. In the following we will introduce the mechanism of spin injection, then
we will quantify the spin-to-charge conversion efficiency. We will end with a review on the multiple spurious

effects that can hamper the detection of the spin-to-charge signal.

3.2.1.2 Spin pumping mechanism

Since the late 80's, Johnson and Silsbee have demonstrated the possibility to perform spin injection using
magnetization precession at ferromagnetic resonance[74, 73], which was explained later by Tserkovnyak
and Brataas using spin-dependent reflection and transmission coefficients forming the scattering matrix
and allowing for the evaluation of the non-equilbrium charge and spin currents flowing through a ferromag-
net/normal metal junction[150, 2]. After the experimental demonstration by Saitoh et al of a spin-to-charge
conversion signal in Platinum at room temperature[129], the door was open for a wider application of the
spin-pumping technique, which has been used since to characterize the spin-to-charge conversion in a variety

of different systems. To further gain a deeper understanding of the origin of the spin injection mechanism,
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we will give in the next subsection a brief review of the main arguments presented in a study of Tserkovnyak
and Brataas[2], 8. Then we will quantify the spin current injected into the normal metal, which will allow

us to evaluate the spin-to-charge conversion efficiency.

3.2.1.2.1 Spin injection At the ferromagnetic resonance, the magnetization precesses around f?f; at
frequency w, inducing a spin-imblance as demonstrated by Tserkovnyak et al[150, 2] who have shown that
when the magnetization’s motion is taken into account by the scattering matrix (in the spin space), this
will induce a non-equilibrium spin current, which translates into an emission of angular momentum into the
neighboring nonmagnetic metal. To understand qualitatively this phenomenon, Brataas and Tesrkovnyak
gave various analogies such as the concept of a spin battery which has similar features as the charge battery
including the maximum voltage in the absence of a load as well as a maximum spin current that can be
drawn from the battery[2]. The latter can be estimated in the assumption that the ferromagnet is thicker
than the spin coherence length (few A in transition metal such as Co, Ni, or Fe) leading to the emission of

a spin current which is determined by the spin mixing conductance, g4 9 and it can be expressed by :

JPump — %(m(gmm X gz — S(gpy) ) (3.18)

Thus the first term in the equation 3.18 , corresponds to an additional torque which can be added into the
%
LLG equation , by considering 7 = M /M :
ot ot

— ons
O oot x Oy 908 gy O 1
5 VM X Hepp +ami X — +47TMStFM§R(gu) X5 (3.19)

where tpys is the thickness of the FM layer. The spin pumping term can be seen as an additional damping
mechanism , which can be added to the intrinsic Gilbert damping coefficient of the FM layer, leading to an

effective damping parameter a,ys, expressed as :

Qeff = o+ Aa (3.20)
where,
guB
A= —F—— 21
Rl y R(gry) (3.21)

Hence, one can estimate the %(gm), from the slope of the linewidth Aw versus w plot, which will be

8For more details regarding the nonlocal magnetization dynamics in ferromagnetic heterostructures we refer the reader to
the review of Tserkovnyak et al.[150]

“Which corresponds to a complex quantity, that quantifies the spin transparency at the interface between the ferromagnet
and non magnetic metal[2].
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calculated in Chapter 5 for a Permalloy layer .

In reality equation 3.18 is incomplete, for example when a non equilibrium spin accumulation fi,;, builds
up in the normal metal due to a spin relaxation rate smaller than the spin injection rate, inducing a “back
flow “ of spin current density J2*°*, that opposes the total spin current density Jy,; = JZUP 4 J0k (see
Figure 3.7 a). Thus, reducing the spin mixing conductance at the interface g and the damping coefficient
of the ferromagnet «. Interestingly, the parallel component of J%* to i is cancelled by the incoming flow
from the ferromagnet when the FMR frequency w, and the spin-flip rate 7'8_f1 is much smaller than the spin

1

injection rate 7, *, so that only the perpendicular component to 71 survives, and is given by :

R
Jhack — —(fwu)m X Wspin X 11 (3.22)

Lastly, we can estimate the static component of the spin current density by averaging the z component of
equation 3.18 over one precession period, such calculation has been performed by Yoshino et al[170], which

gives:

Js = wi(%(gu) < i x @ >z
. (g1,)€2
= i 91l

where Q is the solid angle of the magnetization precession = S/M2, S is the area defined by the
magnetization precession which can be derived as S = 7 |M,| |M,|, where M, & M, are the minor and
major radiuses of the magnetization trajectory (see Figure 3.7 b). Aditionally, Ando et al extracted a more
general expression for the spin current density in the coherent precession regime under the assumption of

small precession angle in order to linearize the LLG equation[196] , this leads to the following expression :

R(gr)V2hhL s 1o Msin(0)? + /(oM sin(0)2)? + 4w? 2e

Jo = 8ma? [ (o Mssin(6)2)? 4 4w? I h )

(3.24)

we observe that Jg x hzf, thus the injected spin current density is proportional to the absorbed microwave

power.

Thanks to the equation 3.24, one can now estimate the spin current density flowing towards the interface
of 2DES/ NM. Thus, a charge current will be created, thanks to IEE/ISHE, and in order to quantify the
effectiveness of this spin-to-charge conversion signal we will need to evaluate, in the next subsection, the

spin-to-charge conversion efficiency, for both the IEE/ISHE signals.
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Figure 3.7: Principle behind a spin-pumping experiment.(a) Schematic illustrating the spin-pumping
experiment, where we observe that the damping term of the magnetization motion will correspond to the
emission of a pure spin current J?“? to the nearby NM layer, and due to the spin diffusion and spin-flip in
the NM layer a net spin accumulation occurs in the NM accompanied with a backflow of pure spin current
JbaF (b) The magnetization-precession trajectory when lrfff> is in the sample plane.[129, 196]

3.2.1.2.2 Spin-to-charge conversion efficiency If one combines the knowledge of the spin current
density created at the ferromagnetic resonance with the theory of spin diffusion where a spin-dependent
scattering in NM/2DES, takes place due to a strong spin orbit coupling, or interfacial electric field, leading
to a spin-momentum locking. As presented previously, at the ferromagnetic resonance (see Figure 3.5), the
magnetization precesses around its effective field Ifff> generating a spin accumulation at the interface
with 2DES/NM. The generated spin current density will then be converted into a charge current thanks to
ISHE/IEE effect. This charge current J—C23 is perpendicular to both & and J—EB and is measured through
the 2 ohmic contacts at the ends of the film in an open circuit condition (see Figure 3.8 a). So the IEE/ISHE

charge current will correspond to the measurement of a voltage Vigr/VismE, which can be linked to the

ViEE/ISHE
Rsample

charge current I. by Ohm's law, I. = . It is also important to note that I. needs to be normalized
with respect to the microwave power, in order to compare between signals corresponding to various FMR
absorption spectra. Indeed, we have seen that the injected spin current density is proportional to the rf

power P.; which in turn is also proportional to oc hff, where h,. s is the microwave field generated by our

antenna, given by:

(3.25)

where Z = 502 is the antenna’s impedance, w = lcm is the width of the antenna, leading to A,y = 0.8
mT for an input power P,y = 20dBm. Thus one needs to normalize I. with respect to hff as shown in
Figure 3.8 b, we observe Ic/hff has a Lorentizan shape which is expected because the injected spin current

will follow the shape of the FMR signal.
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In order to calculate the spin-to-charge conversion efficiency, we need to distinguish between the IEE and
ISHE, where in the former the conversion efficiency is evaluated by the inverse Eldestein characteristic
length A;gpg, while the latter is related to the spin Hall angle and the spin diffusion length.

First, one can compute easily A\;gg, which can be interpreted from equation 1.30 in Chapter 2, as the
characteristic length travelled by an electron in a 2DES/NM before spin memory loss. It can have quite
high values if the electron relaxation rate is very low, and it is given by :

J2D

Vier
by - ¢ 3.26
[EE JE’D wJ,gDRsample ( )

this characteristic length can also be extended to ISHE where it corresponds to the effective length
Aeft = OsHENsa-[122]

In the case of ISHE, a more complex derivation for V;sg g needs to take into account the spin diffusion in
the NM across the interface FM/NM. The calculation has been performed by Castel et al.[28] who have
shown a strong dependence of the Visy g to the NM thickness, magnetization precession and other relevant

parameters, and it takes the form :

i=0
@ — ~ (b)
\ \E/ J PY|LAO(S u.c)||STO
—+ 320
’;’ - Hdc n n
rf B L
e '
e} i O O 0 — Hy 50
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Figure 3.8: Spin-to-charge conversion at LAO(5u.c)|STO interface.(a) Schematic of the spin-pumping
experiment, showing the open circuit conditions where a voltage drop is recorded at both ends of the sample.
(b) Normalized charge current measured for both a positive (red) and negative (blue) dc magnetic field Hye.

Visue = OsueXsaf(tnn, 0, b, w, , Asd, 0,91)) (3.27)

where ¢ is the ellipticity correction factor, 6 is the angle of precession, o is the conductance of the NM , and

f is a function which depends on various parameters related to the FM properties and the magnetization
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dynamics, a more detailed expression of Visyg is given in Appendix A .

It is interesting to note, that this evaluation of the spin-to-charge conversion efficiency is incomplete, because
we assume that the measured dc voltage drop is purely due to spin-to-charge conversion, which is not quite
the case because of various spurious effects which can add to the dc voltage at resonance. In the next

section, we will give a brief introduction to one of these effects, which is the spin rectification effect.

3.2.1.2.3 Spin rectification effects In the presence of a non zero microwave excitation h,; # 0 10,
a conducting ferromagnetic material exhibits a dc voltage drop in the absence of any dc current source.
This effect has been explained by Egan and Juretschke[45, 76], and observed in various experiments[45, 37].
Indeed, when shining h,.; on the FM layer, it creates an induced rf current I,.; = Ipsin(wt + ), where 3 is
the angle between the magnetization and rf current lines. This rf current will be coupled through Ohm's
law to the resistivity of our FM layer, that varies depending on the magnetization direction through the
magnetoresistance effects such as the Anisotropic magnetoresistance effect (AMR) or Hall effects such as
the Anomalous (AHE) and Planar Hall effects (PHE). For example , let's take the case of the AMR effect
for which one can write the variation of the resistance due to AMR as ARAngr(t) = ARAnR(0)cos(wt),

following Ohm's law the AMR voltage reads (see Figure 3.9 a) :

ARsnR(0) I pcos(B)

Vamr =< ARApr(t) 1 p >i= 5

(3.28)

The spin rectification effect was measured by Egan et al in the early 60's[45], who reported a dc voltage
at resonance in Nickel plates with a particular angular dependence in the in-plane geometry which was
ascribed to the magnetoresistance and hall effects (see Figure 3.9 b). More recently, Rojas Sanchez et al
have reported a dc voltage in a CoFeB layer which was attributed to the AMR effect[123]. In order to avoid
the spin rectification effects which add to the spin-to-charge conversion signal, one should find a way to
disentangle those two contributions.

In order to separate both contributions, measurements of the signal in both parallel and antiparallel
configurations with respect to Hy., should be performed, in addition to a normalization of the signal with
respect to hzf. In the case of a dc voltage purely due to spin-to-charge conversion, one expects two
lorentzian curves, with the same amplitude and opposite sign, because j. o< o X js. This is a first step to
disentangle both contributions, although this technique has some limitations, based of the fact that the
SRE signal can also be antisymmetric with respect to Hg., as demonstrated by various studies.

An additional step needs to be undertaken in order to be certain of the nature of measured signal, so in

07,4 is in the GH z range
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Figure 3.9: Spin rectification effect in FM layer.(a) a sketch illustrating the varying rf induced current
I,¢, which couples to any change in the resistance at the same frequency to produce a dc voltage.(b)
Angular dependence of the dc voltage corresponding to the SRE signal in Nickel plates, the solid line
corresponds to the fitting of the data.[45](c) Schematic illustrating the Anomalous Hall effect (AHE) signal
for both H < Hpar (left panel) and H > Hpprg (right panel).[196] (d) Transverse field dependence of
the measured dc voltage for a sample of Au|NiFe at 15 GHz, where the solid curve corresponds to the ISHE
signal (odd contribution), while the dashed curve corresponds to the AMR signal (even contribution).[126]

the next step we performed measurements on a reference sample without an adjacent layer of NM/2DES,
which when compared to the original sample, which allows us to draw a conclusion on the existence or not

of the IEE/ISHE signal in the sample, which is a strong evidence for ISHE/IEE signal.

Another way to separate the two contributions, was proposed by Ando et al.[196] which relies on a symmetry
argument which states that the |IEE/ISHE signal should be purely symmetric because it should be maximum
at maximum FMR absorption intensity, on the other hand the spin rectification signal should be antisymmetric
due to a phase shift of /2 at the resonance (see Figure 3.9 c). Even though, this argument seems to be
true for a perfect resonator (without loses), in the case of non zero losses in our rf antenna, which is our
case, the AMR signal is no longer antisymmetric, due an arbitrary phase shift at resonance (# 7/2), as
demonstrated by Rojas Sanchez et al who ascribed both a symmetric and antisymmetric components to the
AMR signal in a CoFeB layer. To further separate the two contributions, Costache et al. and Azevedo et
al.[38, 5] proposed to perform an out of plane angular dependence of the dc voltage with respect to Hye,
which can be very efficient to separate those two contributions. It is also interesting to mention, that we
can separate the two contributions using a different geometry where we apply an out of plane rf field A, f,

while keeping the dc field in plane. As discussed previously, the spin-to-charge conversion signal should be
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antisymmetric with respect to Hy., while the AMR contributions in this particular geometry should have
only a symmetric contribution. This symmetry argument was proposed by Rousseau et al.[126], who have
shown that an out of plane h, leaves the precession angle of the magnetization (¢) unchanged upon a
reversal of Hg., leading to a symmetric contribution to the AMR signal, this argument allows for a perfect

separation of the spin-to-charge signal versus the spin rectification effects, as illustrated in Figure 3.9 d.

Unfortunately for us, we can neither perform an out of plane angular dependence of our signal nor apply an
out of plane rf field h,; due to the geometry of the cryostat and the rf antenna which is not designed to

apply out of plane A, s.

3.2.1.3 Experimental setup

As discussed previously Ferromagnetic resonance can be used to characterize the magnetic response of the
FM layer, but it is also a very interesting tool to perform spin pumping experiments, in order to study for
example the spin-to-charge conversion signal in a variety of different materials. In this subsection, we will
introduce the experimental apparatus of a broadband FMR set up, which was used in order to characterize
the samples in both the field and frequency domains, where the resonance condition was attained either
by a magnetic field sweep or an rf frequency sweep. In the following, measurements using both of these

approaches will be presented and compared.

3.2.1.3.1 Frequency and Field dependent FMR A broardband FMR set up is used to characterize
the ferromagnetic resonance at various rf frequencies. In general, it is used with a micro-stripline, which
contains a main metallic strip, and a ground plane composed of an electrode which is connected to the
ground, and separated by a dielectric material as shown in Figure 3.10 . The various parameters of a
micro-stripline have to be tuned in order to adapt the impedance of the micro-stripline to the frequency of
the rf signal we want to convey, so as to minimize the impedance mismatch between the antenna and the
coax cables. The rf signal is sent from an rf power generator through a coax cable, which transfers the
signal to the micro-stripline through the top conductor. This generates an electromagnetic wave giving rise
to an rf magnetic field h—rf> which is perpendicular to the rf current lines, and to the rf electric field 67}, as

shown in Figure 3.10.
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Figure 3.10: A sketch representing the geometry of the microstripline where we plot the generated rf
magnetic and electric fields when a microwave current is sent through the stripline.

Thus, by placing the sample close to the micro-stripline while applying H—dz, through the electromagnets one
can perform FMR measurements. To measure the FMR signal, we use a lock-in technique which is highly
sensitive to the variations of our signal, giving us a high signal-to-noise ratio. In Figure 3.11 , we plot a
sketch of the lock-in amplifier based FMR set up. The rf signal is sent through a circulator which is then
transferred to the micro-stripline, where it is reflected back to the circulator which conveys the signal to a
photodiode where it is converted into a voltage !!. This voltage is then measured by a lock-in amplifier,
which demodulate the signal at the same reference frequency of the modulation coils used to modulate
f?.lc. At resonance, the sample absorbs the rf power leading to a variation in the reflected signal which is
measured by the lock-in amplifier.

Therefore, the measured signal will be proportional to the derivative of the absorbed microwave power,
giving it the form of a derivative of a lorentzian curve as shown in Figure 3.12 , where we measure the
FMR signal of NiFe sample at various microwave frequencies. This technique allows us to extract the main
magnetic properties of the FM layer using equations 3.16 & 3.17. For more details regarding the extraction
of the various magnetic propeties for a NiFe layer such as g — factor, Mg, po AH, «, we refer the reader
to Chapter 5 . Even though the micro-stripline antenna’s geometry seems to be one of the best options for
broadband FMR, one should recall that the main strip lateral size in our case does not exceed 2mm, leading
to an inhomogeneous h,¢ shined on our sample, whose dimensions are much greater 5 x 5 mm?. The
voltage signal in a spin pumping experiment being proportional to the lateral dimension of the pumping, it
is thus more appropriate to maximize the area on which the RF field is applied. Therefore, we have designed
a U-shaped rf antenna, that produces an homogeneous h,.s over the entire sample surface.

In order to carry out FMR-driven spin pumping experiments, the sample is glued to an alumina substrate 12,

1The measured voltage is proportional to the reflected power V' o Preg
21 order to transfer the heat to the sample from the cryostat
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Figure 3.11: A schematic illustrating the main elements used for a Lock-in broadband FMR set up, where
the magnetic field is rotated using 4 coils in the quadrupole geometry.
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Figure 3.12: The FMR signal of a sample of NiFe|LAO(5u.c)||[STO for various rf frequencies at room
temperature.
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Figure 3.13: Comparison between frequency and field swept FMR signals.(a) The variation of the imaginary
part of the susceptibility factor versus the dc magnetic field at room temperature and fixed frequency 3 GHz,
(b) same but while changing the frequency and at fixed magnetic field oHy. = 170G.(c) The response
function of the microwave line in reflection geometry, where the top panel represents the gain S11 and the
bottom panel we plot the phase, while changing the frequency of the microwave excitation. (d) A sketch
illustrating the 3 contacts measurement, where the signal is measured in open circuit conditions along two
perpendicular directions Vi & V5.

through a thin layer of silver paste which plays the role of the backgate. Then, the sample is connected
to three copper wires bonded to the top of the sample using silver paste, probing the voltages along two
perpendicular directions, thus allowing for a complete reconstruction of the angular dependence of the
IEE/ISHE signal. The sample is then placed inside the U-shaped rf antenna which is then connected to the
cryostat, through a thin layer of Teflon and GE varnish, in order to transfer the heat flow to the sample,
while keeping the antenna electrically isolated from the cryostat. As visible in equation 3.14 , one can meet
the resonance conditions either by fixing the rf frequency w, and sweeping H., or inversely by fixing Hg.
and sweeping the frequency. We have performed both measurements on a FM layer of NiFe.

In Figure 3.13 a & b, we plot the FMR signal obtained by both an Hy. and an rf frequency sweeps, so one
should expect to see a signal of similar form, corresponding to the derivative of a lorentizian, with some
differences related to the linewidth which are addressed in Appendix B. However, we observe that the FMR

signal versus w is more noisy, and exhibits many artifacts appearing in the baseline of the FMR curve (see
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Figure 3.13 b), compared to the same FMR signal versus H;.. To understand, this difference on needs to
study the spectrum of the reflected power coefficient S1; using a Vector Network Analyser (VNA), shown
in Figure 3.13 c, exhibiting a very complex landscape which is due to the various spurious absorptions and
reflections along the whole rf line. In other to avoid this complexity, we have been constrained to sweep
the magnetic field in the plane of the sample, which was achieved by designing an electromagnet with
four coils arranged to resemble a quadrupole coils scheme, which allowing us to study the FMR signal by
sweeping H., but also to rotate Hy. in the plane of the sample in order to study the angular dependence
of IEE/ISHE signal.

On the other hand, the dc voltage was measured along both directions (see Figure 3.13 d) in an open circuit
conditions, through a lock-in amplifier. The signal is further disentangled from the spin rectification as
explained in the previous subsection.

In order to avoid the spurious effects due to spin rectification, one can perform a spin injection experiment
using another technique, which relies on a temperature gradient-driven spin current, called the Spin Seebeck
Effect (SSE). This technique presents several advantages compared to the spin pumping experiment, where
we avoid all the unwanted effects related to magnetization dynamics in the FM layer such as the ac spin

currents or the spin rectification effects.

3.2.2 Thermal spin injection

In the 19th century, Thomas Seebeck have reported that thermal gradients can generate an electromotive
force across two points of an electrically conducting material, an effect now known as the “Seebeck
Effect”[159]. More recently, Johnson and Silsbee have theorized the possibility to include the spin transport
into the interfacial thermoelectric effects, thus proposing a spin analog to the Seebeck Effect known as
the spin-dependent Seebeck effect[73]. In 2008, Uchida et al have reported the possibility to inject a spin
population from a NiFe layer into a Pt layer using a temperature gradient, where they measured a charge
voltage at the ends of Pt wire deposited on top of the NiFe layer in a non local geometry[152]. This
evidences a non zero electromotive force in Pt wires at length scales of several millimeters, far exceeding the
spin-flip diffusion length of conduction electrons, signaling that conduction electrons in the FM are irrelevant
to this phenomenon. Subsequently, the spin Seebeck effect has also been reported in various ferromagnetic
insulators such as Y3Fe2O12 (YIG)[70, 1] or LaY3Fe5012[155], suggesting that a non conventional spin
transport is driving the spin Seebeck effect. Until now, several research groups have suggested that the spin
Seebeck effect is driven by localized spins through an interplay of non equilibrium magnons and phonons

in the FM with conduction electrons in the NM([1, 60, 17]. For more details regarding the theoretical
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description of the spin Seebeck effect we refer the reader to the work of Hoffman et al.[60]
In the following we will give a brief theoretical description of the spin Seebeck Effect in the longitudinal
geometry for a conducting FM using a spin drift model. Later, we will present in more detail the two

different ways to realize thermal spin injection, using both local and a non-local geometries.

3.2.2.1 The Origin of the Spin Seebeck Effect

In a spin Seebeck experiment a temperature gradient is applied to a FM layer, thus generating a non zero
spin voltage, which can be attributed to the spatial variation of the spin-dependent chemical potentials[152].
To further clarify the link between the temperature gradient and the spin degree of freedom, we will consider
FM/NM bilayers subjected to a temperature gradient applied in a direction normal to the FM/NM interface,

—
while applying a Hg. in the plane of the sample, as illustrated in Figure 3.14

Longitudinal Spin Seebeck Geometry

—-

Hdc

3

Is:]VT+JV,u\

‘I:SE @

Figure 3.14: A schematic illustrating the Longitudinal spin Seebeck geometry, where the temperature

gradient V7' is parallel to the injected spin current J,, and results from the sum of two separate contributions.

Here, we will consider a metallic FM, such as NiFe, where the spin current can be carried either by conduction
electrons but also by magnons. It is also important to recall that the magnon lifetime in NiFe is two order
of magnitude smaller than that in FM insulators such as YIG, thus in the following only the electronic
contribution to the thermoelectric transport will be considered. Using the Boltzman transport equation,
Holanda et al.[61] were able to extract the expression of the electronic distribution f”(?, 7) in the presence

of an electric field ﬁ temperature gradient V7' and random scattering, which reads '3 :

§o (77 % folew) = 7G0T 0+ MOV B )G, 29)

m €L Oep

where 77 is the transport relaxation time, ﬁ” = E +r ,u"(?)/e is the spin-dependent effective electric

field, and ¥y = (1/h) Ve, is the electron velocity.

¥Here o represents the spin degree of freedom like in equation 1.3
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From this electronic distribution, we are able to compute various quantities, such as the spin current density

which is given by the sum of two quantities :

75 = 7VT + 7Vus (3.30)

where 7VT represents the contribution emerging from the thermally induced drift of electrons due
the temperature-dependent spin splitting, while 7v“s corresponds to the spatial variation of the spin
accumulation.

Upon considering the right boundary conditions, we can retrieve the expression of the injected spin current

density at the FM/NM interface, which is given by :

Hhr oA 1
_Jepget OBy geosh(B) =Ly pni e (3.31)

Js = 3mne (_87T) sinh(f)

where = tpar/Asyp is the ratio of FM thickness trys and spin-flip diffusion length Agr, A is the
temperature-dependent exchange splitting.

Indeed, this spin current density once injected in NM will be converted into a charge current thanks to
the ISHE/IEE, the measured charge current Iggg is linked to the temperature gradient 9.7 through the
Seebeck coefficient Sspp « Issg/0,T , which is given by :

QgZ}f/\wa)\Ne@sH 0A

3mneh tanh(tn /2AN)(= 57N (ep)er (3.32)

SsEE =

where Ay is the spin diffusion length inside the NM, w is the width of the sample and ¢y is the thickness
of the NM layer. For more detail regarding those calculations, we refer the reader to the paper of Hollanda
et al.[61]

To sum up, we have computed the spin current density and the spin Seebeck coefficient in a longitudinal
geometry in a metallic FM. So in the next section, we will present the two different ways to perform a

thermal spin injection, using either the longitudinal spin Seebeck effect (LSSE) or the transverse spin

Seebeck effect (TSSE).

3.2.2.1.1 Longitudinal Spin Seebeck Effect (LSEE) In the longitudinal geometry of the spin Seebeck
effect, the thermal spin injection is parallel to the temperature gradient as illustrated in Figure 3.14. As a
matter of fact this configuration is best suited for ferromagnetic insulators (FMI) that do not generate the

parasitic anomalous Nernst effect[99], which can produce a non negligible contribution to the signal in this
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Figure 3.15: The longitudinal spin Seebeck effect in a YIG|Pt sample.(a) DC voltage drop at both ends
of the sample while changing the temperature difference between the top and bottom and for two H—>dc
angles (0° & 90°). The inset : same as the main figure whereas the temperature gradient is applied in the
opposite direction. (b) DC voltage drop while changing the temperature difference at both ends of the

sample of YIG|Pt, and for Hy. at 90° angle. (c) Angular dependence of the dc voltage drop at both ends of
the sample, for a fixed temperature difference AT = 10K .[154]

configuration.

Some research groups, have successfully observed a longitudinal spin Seebeck signal in metallic ferromagnets
such as NiFe or CoFeB, or in half-metals such as LSMO[61, 52, 166]. The first observation of LSSE was
realized in 2010 by Uchida et al, who measured a voltage at both ends of a Pt strip that has been evaporated
on the top of a YIG layer[154]. By heating the sample using a Peltier module, a temperature gradient V,T
was established inside the FMI, leading to a magnon heat flux due to phonon drag or magnon conductivity,
thus generating a spin current density in the FMI. The measured voltage has been reported to change sign
upon reversing the direction of the temperature gradient as illustrated in Figure 3.15. It appears also to be
linear with respect to the temperature difference AT, and it evolves with respect to the applied magnetic
field Hy. as o sin(Hyg.), hence with the symmetry of ISHE induced by LSSE, which agrees with 1.20
The LSEE, can be understood quantitatively in a FMI layer through a linear-response approach which was
developed by Adachi et al[1]. Here we can explain qualitatively the thermal spin injection mechanism in
FMI, using a phenomenological approach linking the LSSE to an imbalance between thermal noise of the in
FMI and the thermal noise of conduction electrons in the NM. This thermal noise imbalance induces a non
compensation of two opposite effects. The first one is a spin injection in the NM due to the magnonic
thermal noise, while the second effect, expels the spins from the NM, due to the conduction electron thermal

noise. Therefore, this thermal noise imbalance, will lead to an effective spin injection/ejection into/from
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the NM.

Finally, the LSEE was chosen in our case to perform thermal spin injection in LAO/STO because it is the
simplest configuration in which a bulk ferromagnet can be used, and it relies on a local spin injection similar
to the spin pumping configuration presented in section 4.2.1 . In the next subsection, we will introduce

another interesting method to do thermal spin injection, which relies on Transverse Spin Seebeck Effect

(TSSE).

3.2.2.1.2 Transverse Spin Seebeck Effect (TSEE) The transverse Spin Seebeck effect (TSEE), was
first reported in 2008 by Uchida et al.[152] in a sample of NiFe/Pt, which like the LSEE, is driven by
a thermal gradient applied to a spin-polarized material (such as a FM), thus pushing the spins out of
equilibrium. When depositing a Pt wire in contact with the NiFe layer a net spin current will diffuse to
the Pt acting as a spin sink, as illustrated in Figure 3.16 a . In this case, the generated spin current
(along the z-direction) is perpendicular to the direction of the applied temperature gradient (along the
a-direction). Surprisingly, Uchida et al have reported a considerable variation in the spin current density
jZ(x) as a function of z, leading to opposite signs of jZ(x) at both ends of the FM layer, between the hot
region (jZ(0) > 0) and the cold region (jZ(L) < 0), and a zero contribution in the middle of the FM layer
JZ(L/2) = 0 (see Figure 3.16 b)[152]. The scale of this variation, which corresponds to the length of the
sample L = 1cm, is orders of magnitude higher than the spin diffusion length. Shortly after, Jaworski et
al.[71] clarified this long-range spin injection mechanism, using a sample of GaMnAs, which was sliced along
the y-direction, as illustrated in figure 3.16 ¢ . The x -dependence of the resulting signal was unaffected by
the slicing of the FM layer(see Figure 3.16 d), thus highlighting the phonon transport in GaAs, to be behind
the z-dependence of the measured signal. This result was later verified by Uchida et al.[153], who showed
that the x-dependence disappears when depositing the FM layer on top of an amorphous substrate in which
the phonons are more localized. In order to explain theoretically this long-range xz-dependence, Tikhonov
et al.[147] have proposed an explanation to this non-local behavior, which arises from the fact that the
thermal phonons, which store thermal energy, and the subthermal phonons which transfer the energy to the
magnons are located in different parts of the spectrum and have different kinetics. Thus, the interacting
phonons develop a spectral phonon distribution that deviates from the local equilibrium, leading to longer
mean free paths compared to the thermal phonons, and can be sensitive to the boundary conditions.

It is interesting to note that the TSSE corresponds to the spin analog of the non-local electrical spin
injection, and similarly to the non-local electrical spin-injection, which eliminates parasitic charge transport

effects such as AMR and AHE (see section 4.2.1), the TSSE also eliminates the spurious thermal transport
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Figure 3.16: The transverse spin Seebeck effect.(a) Schematic illustrating the Transverse Spin Seebeck
experiment where the applied temperature gradient VT is perpendicular to the direction of the injected pure
spin current J5.[152](b) The variation of the dc voltage V versus the position of the Pt wires which where
placed perpendicular to the z-direction, and were saturated at H = 1000e¢.[152](c) A sketch representing
the measurement geometry of the spin-Seebeck effect in GaMnAs using strip contacts of Pt.[71] (d) The
spatial dependence of the spin Seebeck coefficient .S, before and after the scratch which is represented by
the shaded area.[71]

signals such as the Anomalous and planar Nernst effects (ANE and PNE), and intrinsic spin-dependent

thermal transport signals. These parasitic effects will be discussed briefly in the next subsection.

3.2.2.2 Spurious effects

Like the spin pumping experiment, the thermal spin injection exhibits various parasitic signals, which emerge
from the magneto-thermoelectric effects. As a matter of fact, in magnetic conductors, an anisotropic
thermoelectric voltage depending on the angle between the magnetization and the temperature gradient
is induced by spin-orbit coupling. Therefore, the thermal counterparts to the magnetoresistance and Hall
effects through the Onsager reciprocity, are manifested, leading to what is called the Anomalous Nernst
Effect (ANE) and the Planar Nernst Effect (PNE). In the following, these two spurious contributions to the

thermal voltage will be introduced.

3.2.2.2.1 Anoumaloues Nernst Effect (ANE) The Anomalous Nernst Effect has been observed in a
FM material in both the LSSE and TSSE configurations. Like the spin Seebeck effect, the ANE is related

to a temperature gradient, which generates through magneto-thermoelectric coupling an electric field given
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Figure 3.17: Left panel: sketch representing the LSSE experiment on a reference sample of NiFe|LAO, while
recording the voltage drop along two perpendicular directions. Right panel : thermal voltage along the two
different directions V7 & V5, while changing the direction of Hg. in the sample plane.

by :

Eane = —anm x V. T (3.33)

where ay is the anomalous Nernst coefficient, 7 is the direction of the magnetic polarization of the FM,
and W the temperature gradient perpendicular to the sample plane. This effect is ubiquitous to SSE
experiments, particularly in the LSSE geometry, where the temperature gradient is parallel to the injected
spin current. This effect have been reported in various ferromagnetic materials, particularly by Miyasato
et al.[100] who showed a crossover behavior with three different regimes in the AMR and ANE signals in
various materials like transition metals, oxides and chalcogenides. Hollanda et al.[61] have measured the
ANE in NiFe/MgO samples, by which he estimated the exchange bias field due the a NiO(100) crystal.
Similarly, Pu et al have reported ANE in (Ga,Mn)As semiconductor[116]. Recent studies by Huang et al
and Bosu et al have shown that in the TSSE geometry, a thermal conductivity mismatch between the FM
layer and the substrate, generates a parasitic ANE signal[67, 19].

In this regard, we have measured a thermal voltage V;;, in a sample of NiFe/LAO, as illustrated in Figure 3.17,
the signal possess a o sin(f) angular dependence, where 6 is the angle between the direction of Hg. and
the electrical contacts. We report also 7/2 phase shift which is merely due to the difference between V}
and V5, as shown in Figure 3.17 . Consequently, this thermal voltage V;;, measured in NiFe layer can
be well accounted for by the ANE effect, owing to the fact that the temperature gradient was applied

perpendicularly to the plane of the sample (zy-plane) (see the experimental set up section for more details),
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e 2z e o—

Fig. 1. The planar Nernst voltage in permalloy films as a
function of ¢ (1390 X, 83%Ni-17%Fe, VT = 15 deg/om)

Figure 3.18: The angular dependence of the thermal voltage measured at both ends of a NiFe film along
the y-direction while applying a perpendicular temperature gradient VT along the z-direction in the TSSE
geometry.[85]

e
while rotating 6 in the zy-plane. Thus, from equation 3.33 , E4nyg will be in the zy-plane at an angle of

/2 — 6. Therefore, both V; and V5 have a sinusoidal dependence on 6, with a phase shift of /2.

3.2.2.2.2 Planar Nernst Effect (PNE) Unlike the anomalous Nernst effect, the planar Nernst effect
(PNE) originates from a planar temperature gradient V||T" applied in the zy-plane of the sample. Thus,
this parasitic effect is only relevant in the TSSE geometry. Vu Dinh Ky has attributed this effect to the

following term from the thermomagnetic equation[85]:

— o7
EPNE = Oépm X (m X V” ) (3.34)
where ap is the planar Nernst coefficient. Therefore, in the case of V”i = [|VyT||#, and m o=

|[m||(cos(0)& + sin(0)§), where 6 is the angle between 7t and 2 direction, equation 3.34 gives

SN —sin(0)?
Epng = ap|||*||Vy Tl (3.35)
cos(0)sin(¢)
The PNE has been reported since the 60's by Vu Dinh Ky[85] in NiFe films, where he reported a sin(20)
dependence, as illustrated in Figure 3.18 . Since then, the PNE has been studied extensively in various

materials. Bui et al.[22, 23], have reported a PNE signal in half-metallic LSMO, and in Fe-doped I1I-V
semiconductors such as n-type (In,Fe)Sb.

Since we have chosen to measure the thermal voltage using the LSSE configuration the PNE effect is
irrelevant in our case. Thus, only the ANE effect will be considered. In the next subsection, we present our
thermal spin injection experimental set up, which generates a thermal gradient perpendicular to the sample

plane, using an optically-induced heating technique.
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Figure 3.19: Schematic illustrating the main elements used for a LSEE experiment, using a dc light source
(blue LED), while rotating the magnetic field using quadruple coils.

3.2.2.3 Experimental setup

An optically generated thermal gradient was achieved using a dc light source, corresponding to a 2 Watts blue
light emitting diode (A ~ 450nm), which was shined upon a sample of NiFe/LAO/STO (see Figure 3.19),
leading to the creation of a pure spin current in an NiFe layer, through the LSSE and ANE effects. As a
matter of fact, the spin current flowing through the NiFe layer will generate two charge current contributions,
from either the spin-to-charge conversion at the interface of LAO/STO and from the intrinsic contribution
of the NiFe layer through the ANE effect. Similarly to the experimental set up seen in section 4.2.1.3, we
connected the sample to three electrical contacts though copper wires, as illustrated in Figure 3.20 a.

The sample was cooled down using a He-flow cryotstat, which was connected to a substrate of allumina onto
which the sample was glued using a layer of silver paste which plays the role of the backgate. Identically
to section 4.2.1.3, a dc magnetic field H,. was rotated in the plane of the sample, in order to obtain a
complete angular dependence of the charge signal, which was measured in both directions V7 & V5 using a
lock-in amplifier locked on the reference frequency used to modulate the intensity of the dc light source.

In Figure 3.20 b, we plot the angular dependence of the measured signal in a LAO/STO sample at room
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Figure 3.20: (a) Sketch representing the LSSE experiment applied to a sample of NiFe|LAO(5u.c)|STO,
while measuring the voltage drop along two perpendicular directions. A backgate volatge is applied to the
bottom of the STO layer.(b) we plot the angular dependence of the charge current along both directions (1)
& (2), while changing the direction of the magnetic field in the sample plane. Inset: same as the main plot
but for the refence sample NiFe|LAO.(c) Hysterisis loop for the offset current versus the backgate voltage
at T'=10K.

temperature. We observe that the signal is dominated by the ANE effect when comparing to the signal
measured in the NiFe/LAO sample, which agrees with previous studies .

Furthermore, due to thermoelectric coupling and a transverse thermal gradient on the contacts, another dc
signal is added. So a simple way to reduce this thermoelectric signal is to prevent the ohmic contacts from
heating up, by covering them with a flexible polymide film based copper laminate which can withstand high
temperature environment up to 400 C°. At low temperature, due to the rise of the dielectric constant in
STO (see Chapter 5), photoelectric effects may appear leading to the generation of a dc signal which adds
to the spin-to-charge conversion signal, as illustrated in Figure 3.20 c. Typically, a way to reduce these
photoelectric effects is to increase the thickness of NiFe layer, which minimizess the light reaching the 2DES
and thus the photocurrent signal. Because this also increases the thermal gradient in the NiFe layer, it

leads to a higher spin-to-charge signal and ANE.
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In the present chapter, we present the results obtained for the spin-pumping and the spin Seebeck

experiments at the LAO/STO interfaces, using electrostatic field-effect modulation while mapping the total

angular dependence of our signal for various spin polarizations. The spin-to-charge conversion signal was
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measured thanks to the Inverse Rashba Eldenstein Effect, which exhibits a large conversion efficiency at
the LAO/STO interface. The strong back gate dependence can be attributed to the complex multi-band
effects that appear in particular in transition metal-oxides[81, 172, 203]. It appears that the spin-to-charge
conversion signal in LAO/STO can be attributed not only to the spin but also to orbital contributions[203],
giving rise to an anisotropic angular dependence resulting from the orbital mixing at the band crossing of

tog orbitals.

4.1 IEE signal at the interface of LAO/STO

4.1.1 Spin pumping measurements

In order to study the Inverse Edelstein effect (IEE) in LAO/STO interfaces, we used a spin pump-
ing technique which relies on ferromagnetic resonance (FMR) experiment at 7K !, on a sample of
AlOx/NiFe/LAO(5u.c)/STO. The NiFe(15nm)/AlOx(3nm) bilayer was deposited by evaporation in a
different chamber after the PLD growth of the LAO/STO. The role of the Al capping layer is to protect the
NiFe layer from oxidation, so as to avoid any widening of the spectral shape of our ferromagnetic resonance
signal. Then the sample was placed in a broad band stripline where the rf magnetic field l?f is (roughly)
homogeneous over the whole surface of our samples (5 x 5 mm?). At resonance a spin current is expelled,
which is then converted into charge, thanks to the Inverse Eldestein Effect (IEE). Here we measure the
resulting voltages along two different directions, as shown in Figure 3.13 where we plot a sketch of the

geometry used in the spin pumping experiment.

4.1.1.1 Sample characterization

The figure of merit for the spin-to-charge conversion signal in LAO/STO is A\;gg is the ratio between the 3D
spin current density j3°, and the 2D charge current density j2°, which is equal to a length A;pp called the
Inverse Eldestein Effect characteristic length? A\;pp = j2P/j2P. The charge current density was estimated
from dc voltage measurements V., of our sample of LAO/STO divided by the stack resistance R of the
sample and the unit cell parameter w, considering that our electron system is purely two dimensional. The
spin current density j3°, depends on a variety of different parameters like the spin mixing conductance
g+, the Gilbert damping coefficient «, and the effective magnetization of our ferromagnetic layer M,

which can be estimated using equation 3.16. In Figure 4.1 a, we plot the peak-to-peak linewidth AH,,

1For more detail see Chapter 4 section 4.2.1
2For more details see Chapter 1 section 2.5.2.2
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Figure 4.1: On the left: the linewidth of the FMR signal versus the frequency of the rf field. On the right:
the resonance frequency versus the magnetic field at the ferromagnetic resonance for both samples of
Py|LAO(5u.c)|STO and at room-temperature in the presence and absence of the 2DES at the interface.

with respect to the frequency w for both a sample of AlOx/NiFe/LAO(5u.c)/STO, where the STO is
TiO,-terminated, and a reference sample where the STO is SrO-terminated 3 | so that we can retrieve
the Gilbert damping coefficient for both samples which give roughly the same damping coefficient of both
samples at room temperature, ay;re/2pEs ~ ANiFe = 6.01 - 1072, by using the equation 3.17. In order to
retrieve the static magnetization of our sample, we plot in Figure 4.1 b, the resonance field H, versus the rf
frequency w, and using the Kittel formula ( equation 3.16 ), we can extract the effective magnetization
which can be estimated to be equal Mg ~ 17T . In addition, by subtracting the Gilbert coefficient for both
samples of LAO/STO with and without the 2DES, we can retrieve the value of the spin mixing conductance
911 > 10~ m~2, which actually quantifies the spin transparency of the interface between the NiFe layer
and the LAO/STO two dimensional electron system (2DES) at the interface of LAO/STO. Thus, using
equation 3.24, we can estimate the spin current density j::’D ~1-10°A - m~2, which appears to be in the
range of previous reported values[34, 200]. From the obtained value of 527 and j2”, we can compute the
Inverse Eldestein characteristic length A\;gpg, which quantifies the spin conversion efficiency of our sample of
LAO/STO*. In Figure 4.2,we show that the ferromagnetic resonance signal dx”/dH is linear with respect
to the absorbed power. This is consistant with equation 3.13, where x” is proportional to hzf which is in
turn is proportional to P, . Similarly, we observe that the measured V. along both directions (Figure 4.2)

are also linear with respect to P.; which is in accordance with equation 3.24 .

350 the 2DES is not present at the interface in this case !
*For more datails see Chapter 4 section 4.2.1.2.2
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Figure 4.2: FMR signal and measured voltage in a sample of AlOx|Py|LAO(5u.c)|STO for various powers of
the exciting rf field. Both figures in the inset represent the amplitude of the signal versus the applied power
of the rf field.

4.1.1.2 Evidence for IEE signal
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Figure 4.3: Comparison between two different AIOx[NiFe|LAO|STO samples in the presence (TiO2-terminated
STO ) and absence (SrO-terminated STO) of the 2DES. We plot in (a) the FMR signal and (b) the
normalized current measured in both samples.

In Figure 4.3, we plot the measured FMR signal dx”/dH , and the normalized dc current ° jg./h? for
both samples © at low temperature 7= 7K . We observe that the FMR signal which is proportional to
the total absorbed power by our sample, has almost the same amplitude for both samples, whereas the
linewidth of the FMR signal for the TiOs terminated STO sample is higher by ~ 1.7 times compared to
that of the SrO-terminated STO reference sample. This can be ascribed to a higher loss of the transverse

component of the magnetization due the presence of the 2DES at the interface. On the other hand, we

®Normalized by the microwave power
®Both Py/LAO(5u.c)/STO(001) samples with TiO2 and SrO terminations for STO
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Figure 4.4. A comparison between the symmetry of the FMR signal and the normalized current upon a sign
change for Hy..

observe that the normalized dc current in the reference sample is smaller by a factor of ~ 10 compared to
the signal measured for the TiOs-terminated STO sample. Therefore, we attribute this to the effect of the

2DES at the interface, which absorbs the injected spin current and converts it into a charge current.

Moreover, upon changing the sign of the injected spin current we observe that the measured voltage in the
TiOg-terminated STO sample does not change sign (see Figure 4.4). This provides further evidence for the

IEE origin of the effect because the measured signals are field derivatives, as seen in 3.23.

In order to gain more insight into the origin of the measured dc voltage in Py/LAO(5u.c)/STO, we have
measured both samples upon changing the back-gate voltage V;. We also need to inform the reader that a
special procedure was followed in order to sweep the gate voltage V,, which we will be discussed in more
details in subsection 5.2.1 . We plot in Figure 4.5 , the normalized dc current along both directions for
both samples’ at low temperature, at T = 77K and T = 7K. In the former case, the back-gate voltage V,
was swept from 4300V to —300V. It appears, that the signal for the TiOs-terminated STO sample at
T = 77K does not change in amplitude for all applied back-gate voltages. A similar behavior is displayed
by the reference sample at T' = 7K, with a smaller amplitude evidencing an additional contribution from
the 2DES in the TiOy-terminated STO sample. Furthermore, we observe a strong back-gate dependence of
the normalized current for the TiOs-terminated STO sample at 7' = 7K, in stark contradiction with the
absence of variations in the signal measured by the reference sample, exhibiting the strong contribution of

the 2DES whereby the IEE signal is generated.

"For both samples of Py/LAO(5u.c)/STO with both TiO2 and SrO termination
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Figure 4.5: Gate dependence of the normalized current measured in two LAO|STO samples in the presence
and absence of the 2DES at the interface, for two different temperatures T'= 77K and T = 7K.

4.1.2 Longitudinal Spin Seebeck measurement

A different way to perform spin injection in a sample of Py/LAO(5 u.c)/STO, relies on the longitudinal spin
Seebeck Effect (LSSE), by which a longitudinal thermal gradient perpendicular (AT ) to the plane of the
ferromagnetic layer (FM), creates a spin current flowing parallel to the direction of this gradient. The spin
current then reaches the 2DES at the interface of LAO/STO, where it is converted into a charge current,
as discussed in subsection 4.2.2 . In the following, we will simulate the temperature distribution induced
by our light source, which will allow us to estimate the thermal gradient and thereby the generated spin
current. In a second step, we will emphasize the benefits of this technique compared to the spin pumping

experiment, where we will compare the later results obtained while pursuing those two approaches.

4.1.2.1 Thermal gradients

We used a longitudinal spin Seebeck effect (LSSE) geometry as shown in Figure 3.14 (ref), where the
light source irradiation method was used as a model to compute the thermal gradient VT, in thin films.
The created light-induced thermal gradient in the ferromagnetic layer (FM) produces a chemical potential
gradient, which will give rise to a spin current along the ferromagnet's thickness carrying angular momentum
parallel to the magnetization of the FM layer. Hence, it will be converted into a charge current by the
ISHE/IEE effects. In order to estimate this light induced thermal gradient, we performed simulations by the
finite element method (FEM)[25, 40]. Here, we present FreeFem++ simulations using a 2D heat transfer

model, where the heat transport equation is given by:

oT
Q:PCPE"FA'Q (4.1)
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where @ is the heat source given in (W/m?), p is the density (Kg/m3), C, is the heat capacity (J/Kg.K),
T is the temperature (K), and q is the heat flux vector which depends on the thermal conductivity <

(W/m.K) and the thermal gradient (q = —kAT).

=11 ]

(1)
D — =
] 6
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'10 |

| ' > x(um)
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Figure 4.6: Schematics representing the various boundary conditions taken into account for our 2D
simulations.

8

In this model, the dc light source® serves as a heat source, so that its term () in equation 4.1, will

depend on the material properties, as well as the geometry of the sample, so that its spatial distribution in

the case of an incident light with a Gaussian profile, will be given by[40]:

1-R - 2P =%
= .6(5.7.

5 g e “o (4.2)

Q

where ) is the optical penetration depth, R is the reflectivity coefficient given by the Fresnel equation, P is
the light source power, wq the spot size of the light beam, z the sample thickness, and r the width of the
sample. Our 2D model is similar to that in [40], where the samples are simplified to 2D rectangles, with the
width along the x coordinate and the depth along y (see Figure 4.6). We consider that the whole sample is

irradiated by the light source which simplifies the heat source distribution to the following equation:

Qy)=F ——e7 (43)

where F stands for the fluence of the irradiated light on the surface of the sample (W/m?). In addition, the
surface boundary condition were chosen so that the irradiated area (1), as shown is Figure 4.6, is described
by the equation:

- (kAT) = go 4 a(Toge — T) + oe(T2, — T%) (4.4)

8See subsection 4.2.2.3 Chapter 4 for more details
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where 7 is the normal vector to the interface, o is the surface heat flux(W/m?), « is the convection
heat transfer coefficient (W/m? - K), o is the Stefan-Boltzmann constant (W/m - K*) , ¢ is the emissivity,
and T, is the external temperature (K). For these simulations, we considered two different samples of

Py/LAO(5u.c)/STO and Ge/Py/LAO(5u.c)/STO, where all the relevant parameters are presented in Table

4.1.
(@) (b)
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Figure 4.7: The Absorption profile for two samples of (a) Ge|NiFe|LAO|STO and (b) NiFe|LAO|STO
illuminated by a 100mW d.c light source (A = 465nm ).

In Figure 4.7, we plot the absorption profiles, for both samples®, using the various optical parameters
presented in Table 4.2. We notice an exponential decay of the absorption profile for both samples across a
characteristic penetration depth which can be estimated in the case of NiFe layer d;Fe >~ 9.6nm and for

Ge layer dge ~ 16.5nm for an incident light at A = 465nm.

Table 4.1: Thermal parameters used to perform the temperature gradient simulations at 7' = 10K

Germanium  Permalloy SrTiO3

Thermal conductivity (W/cm-K) 12(27] 2.4314 0.07 [141]
Heat capacity (mJ/g-K) 1.65[48] 1.54(146]  4(97]
Density (g/cm?) 5.5(60] 8.69/6%] 4.8116)
Thermal diffusivity (103cm?/s)  1.32 0.18 0.004

For the heat transfer simulations, we considered a prism-shaped mesh for the whole sample with a resolution
of 1nm along both x and z axis. Moreover, we considered a fixed temperature at the bottom of the STO,

which is in contact with a heat sink at 7 = 10K 19, we also neglected the contribution of the LAO layer in

9These results were obtained through calculations using a TMM package in Python
1\We set a Dirichlet boundary condition to equation 4.1
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the simulations of the temperature profile AT'. In Figure 4.8, we show the calculated temperature profile
AT, for both samples, at the center of the light spot along the normal to the surface of the film, as shown
in Figure 4.6. We notice that AT is gradually diminishing inside both the Ge and NiFe layers, while it

decreases linearly inside the STO substrate.

AT (mEK) AT (mK)
4] 5 10 15 20 (o1 2.5 5.0 1.5 10.0 125

01 = Py|LADIS ucl||STO 0 == Ge||Py|LAD(S u.c)||STO

30 A

200 1 200 1

250

Figure 4.8: The simulated temperature profile for both samples of Ge|NiFe|LAO|STO and NiFe|LAO|STO,
where AT =T — 10K

The temperature difference between the top and the bottom of a 15 nm thick NiFe ATn;re, and a
95 nm thick Ge/NiFe bilayer AT, nipe, were calculated from the simulated parameters, which give
ATyire ~ 0.1mK and ATg./nire = 0.4mK, respectively. The absorbed heat increases by a factor of ~ 4
in Ge/NiFe bilayer compared to the bare NiFe layer.

In Figure 4.9, we plot a side view of the temperature profiles for both samples around the center of the
light spot. We should also note that the calculation of VT across both samples are used to investigate the

thermodynamic state at the samples interfaces which will be implemented for spin-to-charge conversion

experiments.

Table 4.2: The optical constants at A = 465nm|[63]

Germanium Permalloy SrTiOg

Refractive index 4.1 2.3 2.52

Extinction coefficient 2.24 3.87 0

And before proceeding to comment on the results obtained for the gradients for both samples, we need
to stress that the calculated gradients are taken as a normalized variation of AT = T-10K along both

directions = & z, with respect to the dimension of the mesh size element!!. In Figure 4.10, we plot the

11See Appendix D for more details
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Figure 4.9: A profile of the temperature variations for both samples of Ge|NiFe|[LAO|STO and NiFe|LAO|STO
using a 2D simulation model, one should note that the stack order in this figure is reversed.
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Figure 4.10: The simulated temperature gradient for both samples of Ge|NiFe|LAO|STO and NiFe|LAO|STO,
around the interface between NiFe and LAO||STO

calculated thermal gradient profile VT for both samples, using the thermal parameters in Table 4.1. We
notice that the thermal gradient increases in the NiFe layer, which can be estimated at the interface of the
NiFe and STO layers to be equal to |VTn;re| = 0.21K/mm for the sample without Ge capping layer, and
IVTge/nirel = 0.25K/mm for the sample with Ge capping layer. This is within the range of previously
reported values for thermal gradients in these conditions[52, 154].

In Figure 4.11, we plot the spin-to-charge conversion signal measured for both samples, whose Ge/P y

amplitudes can be estimated to be equal to V;I;y ~ 1.1V and I/;fe/Py ~ 2.32uV, respectively. Owing

to the fact that the spin current is proportional to the temperature gradient as shown from the spin-drift
diffusion model in equation 3.32, we can evaluate the spin Seebeck coefficient in both samples of LAO/STO

to be Sg¥, ~ 1.04uV/K and Sgggy ~ 1.85uV/K, which is in agreement with previous experimental
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results[61, 52]. We can also note that the amplitude of the measured spin-to-charge conversion signal in

both samples agrees with the thermal gradient computation giving similar values for both samples.

Py|LAO(5 u.c)||STO Ge[|Py[LAO(5 u.c)||STO
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Figure 4.11: The charge El_r>rent measured for both samples of Py|LAO|STO and Ge|Py|LAO|STO, while
rotating the direction of Hy. in the plane of the sample.

In conclusion, as the profile of the light-driven thermal gradient is very difficult to experimentally measure,
we have simulated it for both Py|LAO|STO and Ge|Py|LAO|STO samples. The results are consistent with

the experimental spin-to-charge conversion measurements on both samples.

4.1.2.2 |IEE signal without spurious effect

In this section we demonstrate the existence of longitudinal SSE in a thin film of NiFe, thanks to the
thermal gradient inducing a spin flow parallel to it. In order to retrieve the contribution for the 2DES at the
interface of LAO/STO, we compared the measured signals for two different samples of NiFe/LAO/STO
and a reference sample of NiFe/LAO . In Figure 4.12 shows the measured signal along both geometries
of our contacts, as sketched in Figure 3.20. In Figure 4.12 a & b, we plot the signal measured in the
NiFe/LAO/STO sample at 7' = 77K, and a sample of NiFe/LAO at 7" = 10K. We notice that both signals
have a similar amplitude, albeit slightly higher for the NiFe/LAO/STO sample, signaling that the voltage at
T = 77K is dominated by other spurious effects such as the Anomalous Nernst Effect (ANE), or intrinsic
ISHE in the NiFe layer[126, 52]. In contrast, the signal at 10K for a sample of NiFe/LAO/STO shown in
Figure 4.12 c, displays a much higher amplitude compared to the measured signal in the reference sample.
This indicates that the measured variation in the signal at low temperature 7' = 10K comes from the IEE

of the 2DES at the interface.
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Figure 4.12: Measured current along both directions (1) and (2) in the spin Seebeck experiment, for different
samples of Py|LAO(5u.c)|STO and Py|LAO and both T'= 77K and T = 10K.

In Figure 4.13, we plot the signals at 7' = 10K for both the NiFe/LAO/STO and NiFe/LAO samples
for different back-gate voltages where we observe clearly no variation in the signal of the reference sample,
while we have a strong back-gate modulation of the signal in the NiFe/LAO/STO sample, thereby providing

strong evidence for an IEE signal thanks to the SSE in the NiFe layer.
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Figure 4.13: Gate-dependence of the measured current along both directions (1) & (2) for both samples of
Py|LAO and Py|LAO(5u.c)|STO at T = 10K.

We should also emphasize that these SSE measurements do not display any significant AMR contribution to

the signal, unlike the spin pumping experiment where the AMR contribution is always present. In addition,
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this SSE measurements do not display any ac contribution to the spin current which can be rectified, and
give rise to a non zero contribution to the conversion signal which can be very tricky to separate from the
dc spin current contribution. Hence, the thermal spin current generation using SSE is well suited to the
experiment. Nevertheless, the technique presents some drawbacks such as the ANE, but also some parasitic
photoelectric effects coming from the substrate can add to the conversion signal, as shown in subsection

422 .

4.1.3 Temperature dependent IEE signal

To further clarify the nature of the measured signal, we performed temperature dependent measurements
using spin pumping and SSE.

In Figure 4.14 a & b, we plot the amplitude of the normalized current measured for both 7' = 7K and
T = 298K. Similarly, in Figure 4.14 ¢ & d, we plot the SSE signal at 7" = 10K and T' = 298K. We
observe that in both cases the measured signal is larger at low temperature. In Figure 4.15, we plot the
temperature dependence of the A;pg, we observe that A\jgg = 1nm at T = 77K and decreases by a more
that a factor of four at room temperature, which is in line with the results reported by Chauleau et al. and

Ohya et al.[34, 110] where a strong decrease in the signal was observed when increasing the temperature.

To understand the reason behind this, we need to recall that the spin-to-charge conversion signal in
LAO/STO is proportional to the momentum relaxation time in the 2DES. This relaxation decreases upon
increasing the temperature due to a decrease in the electron mobility in the 2DES, which is know to vary
in a temperature activated fashion. However, the exact temperature dependence is hard to quantitatively
analyze as several other parameters come into play such as the Rashba coefficient or the thickness of the

2D liquid at the interface.

4.2 Amplitude modulation of the IEE signal using back-gate voltage

In this section we present the results for the back-gate modulated IEE signal using both spin pumping and
SSE experiments. In order to investigate the gate-dependence of the IEE signal we will first need to analyze
it in the framework of magneto-transport experiments where we explore the evolution of the spin-orbit
coupling and the momentum relaxation time by the application of an external electric field. Then, we will
uncover the strong variation of the gate-modulated IEE amplitude, when rotating the direction of the spin

degree of freedom.
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Figure 4.14: Temperature dependence of the IEE signal in Py|LAO(5u.c)|[STO sample. We plot the
normalized current measured in the spin pumping experiment for both (a) 7' = 298K, (b) T' = 7K as well
as that in the spin Seebeck experiment at (c) 7' = 298K and (d) 7' = 10K.
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Figure 4.15: Temperature dependence of the Inverse Edelstein characteristic length A\;pp.
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4.2.1 Electrostatic gating in LAO/STO

Upon cooling the STO below T < 37K, Muller et al.[102] reported a quantum paraelectric/ferroelectric
phase transition that they attributed to the coupled fluctuations of the phonon modes. This results in a
large amplification of the the dielectric constant by at least two orders of magnitude compared to its value

at room temperature, to reach at 7' = 4K a value of egro ~ 10%[46], as shown in Figure 4.16 a.

Thanks to this high dielectric constant, one can perform an electrostatic doping of the 2DES at the
LAO/STO interface. This was shown by Thiel et al.[188] who have been one of the first research groups to
report the possibility to perform an electrostatic modulation of the carrier density at the LAO/STO interface
at low temperature T' = 4.2K, as shown in Figure 4.16 b. By a simple approximation one can estimate the
carrier density variation within the 2DES at the interface of LAO/STO, which can be expressed as :

Vg

_
An, = oL Jo e(V)av (4.5)

where L = 0.5mm corresponds to the thickness of the STO substrate, V;, = 300V is the maximum positive
voltage applied to the sample. From equation 4.5, we obtain a carrier modulation of An, ~ 31013~ /em?,
which is in the range of the reported carrier densities in LAO/STO ngAO/STO ~ 10%3e~ /em?, demonstrating

a strong electrostatic modulation of the carrier density in LAO/STO as it was shown from previous
studies[188, 14].

One should also note that the electrostatic gating in LAO/STO needs to follow a special procedure, as
demonstrated by the work of Biscaras et al[14] . In their study, they have shown that the back gate voltage
has two different effects on the interface. The first one being the possibility to either dope or deplete
the 2DES at the interface by either applying positive AV, > 0 or negative AV, < 0 back-gate voltage .
The second effect, corresponds to the band tilting, which changes the conduction band profile in the STO
substrate as shown in Figure 2.6. Moreover, an hysteresis effect has been observed in the sheet resistance
of their sample of LAO/STO, upon the first polarization'?, as shown in Figure 4.16 b. One can observe

that after the first polarization the carrier density is saturated!3

as shown in Figure 4.16 b. This can be
explained simply by the fact that the Fermi level lies at the top of the the potential well and when increasing
Vg, more electrons are added to the higher energy subbands at the top of the potential well, which will lead

eventually to a leakage of the charge carriers into the substrate where they will be trapped. This explains

the saturation of the carriers density resulting in an irreversible first polarization as seen in Figure 4.16 b.

2\Where they swept the V, to a maximum value of 4200 V and minimum value of -200V[14]
13The sheet resistance decreases slightly then becomes saturated and independent of the back gate voltage
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Figure 4.16: (a) Dielectric constant e/ of SrTiO3 versus temperature (at low temperatures 7' < 100K), the
figure in the inset represents the inverse of the dielectric susceptibility versus temperature.[46] (b) We plot
the sheet resistance (left axis) and electron density (right axis) versus the back-gate voltage measured for a
sample of LAO|STO upon the first polarization followed by a reversed sweep.[14]

Furthermore, we observe that the carrier density is decreasing when we decrease the backgate voltage which
is in agreement with the removing of charge carriers from the potential well as described in Figure 4.16 b.
Contrary to the first polarization this process is reversible, meaning that the 2DES can be either emptied
AV, < 0 or filled AV, > 0 as long as the back gate voltage does not exceed the initial maximum back gate
voltage set in the first polarization step .

Therefore, in order to avoid this irreversible effect'#, one needs to perform an initial step where the back
gate voltage is swept to its maximum positive value'®, where a fraction of the electrons is lost into the
substrate. During our spin pumping measurements, we have observed a similar effect when measuring
the IEE signal in a sample of AlOx/NiFe/Cu/LAO/STO, where the first sweep corresponds to the first
polarization which is irreversible, as shown in Figure 4.17. Applying subsequent multiple sweeps of the back
gate voltage!® after the first polarization we observe a reversibility of the IEE signal in agreement with the

results shown by Biscaras et al[14].

4.2.2 A tunable IEE characteristic length

We start by analyzing the gate-dependence of the IEE signal for the spin pumping experiment. In Figure 4.18,
we plot the FMR response at positive and negative Hg. and for different back-gate voltages V,, we observe
that neither the band width nor the resonance field change upon changing the voltage, meaning that the

back-gate voltage has no effect on the properties of our ferromagnetic layer. In the lower panel, Figure 4.18,

1%Also know as the "forming process”
®We set the maximum V;"** = 300V
6Between +300 V and -300V
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Figure 4.17: We plot the charge current density measured on a sample of Py|Cu|LAO(5.¢c)|STO verus the
back-gate voltage upon first polarization followed by two consecutive sweeps

we uncover the normalized charge current, which was measured along both directions'?, for different

back-gate voltages, and for positive and negative Hg..
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Figure 4.18: ( Top:) the FMR signal and (middle) the normalized charge current along both directions (1)
and (2), for both positive and negative Hg. and for for various back-gate voltages V;, = —250V, V, = 0V,
and V, = 200V. The bottom figure shows A\;gr versus back-gate voltage, where the three points related
to the pannel above are marked by dashed lines.

7See the contacts geometry in Figure 4.18
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Upon H,. inversion the signal changes sign, while the amplitude stays about the same, in agreement with
what we expect from a spin-to-charge conversion signal. We should also stress that our signal was normalized
by the square of the rf field |, | itself proportional to the microwave power P, o |, f|?, which allows us
to compare between samples for various |hrf]2 . We observe a variation in the amplitude of the normalized
currents Ji/|h,f|? and J2/|h,f|? upon changing the back-gate voltage. In order to analyze these results
in term of the spin-to-charge conversion efficiency in LAO/STO, we need to estimate the IEE figure of
merit, i.e. the characteristic length A;pr from the parameters calculated in equation 3.26. This yields
Ar1eE ~ 6nm at V, = 200V, which is at least 1 order of magnitude higher compared to Ag/Bi(111) with
Aree ~ 0.3nm[199]. Interestingly, even though LAO/STO has a Rashba coefficient 1 order of magnitude
lower, its momentum relaxation time is 2 orders of magnitude larger compared to Ag/Bi[199, 193, 200]

(see Table 4.3 ) .

Table 4.3: A brief comparison between two different Rashba systems

ar(eV-m) 71(ps) Aiee(nm)
LAO/STOM93]  3.10712 1.3 6
Ag/Bil199) 0.56-1071° 0.5.1072 0.3

It can also be compared to heavy metals, like Pt, where the effective characteristic Iength18 in this case
can be estimated as the product of the spin Hall angle and the spin diffusion length, which yields values
typically Aefs < 1nm for Pt or Ta[56, 122]. In Figure 4.18, we observe that the IEE conversion efficiency
ATEE can be tuned using a back gate voltage Vj, so that it varies from around A;gg ~ 6nm at V, = 200V
to A\jpg ~ 2nm at V, = 0V.

Furthermore, the SSE measurements show a similar behavior. In Figure 4.19, we plot the photo-current
response for different gate voltages V,;, where we observe a change in the amplitude, as well as, a deformation
in the shape of our signal, at positive gate voltages V; > 0. It is difficult to estimate A\;gg form the spin
drift-diffusion model for the LSSE experiment, due to the difficulty to measure experimentally the thermal
gradient at the interface of LAO/STO. In order to analyze the variations of the SSE photo-current signal
Issp, we plot in Figure 4.19 the amplitude of the IgsE signal for various gate voltages V. We observe
that the signal has a subtle back-gate dependence which yields a similar non-monotonic behavior compared
to the previous results. It appears that the signal increases to a maximum value Iggg ~ 50nA at around

Vy =200V, and it is minimum Igsg ~ 3nA at around V,; = —50V. Thus, the amplitude variation of the

18See subsection 4.2.1.2.2 for more details
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IEE signal 19 is larger than that previously measured.
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Figure 4.19: The top pannel: the thermal voltage measured for a sample of Py|LAO(5u.c)|STO along both
directions (1) and (2) for different back-gate voltages V;, = —200V, V;, = 0V, and V;; = 200V. Bottom
pannel: amplitude of the spin Seebeck current versus the back-gate voltage.

This highlights, the different contributions from the spurious effects such as AMR signals and ac spin current
contributions for the spin pumping measurements, and the photoelectric effects in the LSSE experiments,
but also to some subtleties related to different doping levels for different samples. These can be avoided
by measuring the variation of the IEE signal with respect to the sheet conductivity of the 2DES at the
interface, which was performed in various studies revealing a universal behaviour for the LAO/STO interface
. In our case, it is difficult to evaluate the 2DES conductivity at the interface, due to the metallic layer
of NiFe deposited on top of LAO/STO, that shunts our current bias in a four contact measurements and
prevents us from measuring the 2DES response. We also plot in Figure 4.20, the anisotropy parameter €4,;

which is related to Isgg through the following relation :

€ani =< |Isep(¥) — cos(¥)| >y (4.6)

—
where v is the angle between the direction of H;. and the orientation of the electrical contacts. Hence,

from equation 4.6, one can identify €,,; as the term which quantifies the deformation of the photo-current

195 times bigger in the LSSE experiment compared to the spin pumping experiment where is it 3 times bigger
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Figure 4.20: Similar to Figure 4.19 but in the bottom pannel we plot the anisotropy coefficient defined in
equation 5.6 versus the back-gate voltage.

signal, with respect to the cosine-like shape of the signal which we observe at negative back-gate voltages
Vy < 0. We notice that this parameter increases, upon applying a positive back-gate voltage V, > 0, and it
is maximum around V;; = 250V before decreasing again for higher gate voltages V,;, > 250V .This non-trivial
variation of the conversion efficiency of the |EE signal A\;pp and the anisotropy parameter €,,; with respect

to the back-gate voltage V, will be discussed in the following sections.

4.2.3 Discussion

To gain more insight into the back-gate dependence of the IEE signal one needs to remember that A\;pg is
proportional to two quantities which are the momentum relaxation time 7 and the Rashba coefficient ar
which both need to be estimated experimentally, in order to uncover the underlying variations of A\;gg with

respect to the back-gate voltage V.

4.2.3.1 A tunable Rashba coefficient and momentum relaxation time

As shown previously??, when the spin precession is governed by the Rashba coupling, the D'yakonov Perel’

spin relaxation mechanism dominates the extrinsic spin dephasing processes®!, then the IEE characteristic

D|n Chapter 1 section 2.4.2
ZAWhile the Eliot-Yaffet can be neglected in this case
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length A\;gp is given by equation 1.30.

It is useful to recall here that in the magneto-transport measurements[193, 50], a weak localization regime
arises due to the constructive interference of two coherent time-reversed electron paths in disordered systems,
which reduces the conductance, whereas when applying an external magnetic field the quantum coherence of
the two time-reversed paths is destroyed leading to an increase in conductance. However, in the presence of
spin-orbit coupling, the two time-reversed paths experience opposite spin dephasing mechanisms, leading to
a destructive interference, which increases the conductance, and this is known as the weak anti-localization
regime. Upon applying an external magnetic field the spin coherence is destroyed leading to a negative
magneto-conductance.

In the case of Rashba-split spin-orbit coupling, like in LAO/STO we also have a spatial inversion symmetry
breaking at the interface. In this case, the electrons’ spin will experience a precession motion around the
effective Rashba field which is perpendicular to the electron motion, leading to the spin dephasing mechanism
dominated by the electron scattering which randomizes the spin precession angles®?. In Figure 2.5 a, we
plot the results of the magneto-conductance for a sample of LAO/STO obtained by Caviglia et al.[193],
when applying electrostatic doping, where it is observed that for a negative back-gate voltage V;, < 0 a
weak localization regime dominates which corresponds to the depleted state, while a weak anti-localization
regime starts appearing once we apply positive back-gate voltage V,;, > 0, signaling spin-orbit coupling in
the doped state. Caviglia et al.[193] have estimated the gate-dependence of the Rashba coefficient, the
momentum scattering time and the D’yakonov-Perel' relaxation time, for different electrostatic dopings
using the Maekawa-Fukuyama model[94]23, whose results are reproduced in Figure 4.21 .

In order to grasp the non trivial variation of the IEE signal, we can explain qualitatively this non-monotonic
behavior of A\;gp. From Figure 4.21, the elastic momentum relaxation time appears to decrease exponentially
with respect to the back-gate voltage, which explains the decrease recorded in the IEE Figure 4.18 & 4.19.
For positive back-gate voltages V, > 0, the increase in the IEE signal can be attributed to the increase of
the Rashba coefficient, as shown in Figure2.5 b. This simple qualitative analysis of the variation of A\;pg
can be quite interesting, despite showing some limitations, such as the simple monotonic increase in the
Rashba coefficient without reaching a maximum value, as shown in our results Figure 4.18.

Other studies have shown a more complex variation for the Rashba coefficient, which has a more dome-like
shape for positive back-gate voltages V;; > 0 as shown in the study performed by Vaz et al.[29], where they

measured the bidirectional magneto-resistance response in LAO/STO upon electrostatic doping. Another

22See Chapter 1 section 2.4.2 for more details
BThe Maekawa-Fukuyama model seems to be irrelevent at high doping levels so an additional parameter needs to be added
to take into account for the classic conductance term.[68, 69]
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Figure 4.21: The gate-dependence of Rashba coefficient aup, the momentum scattering time 7. and the
D'yakonov-Perel' relaxation time 7pp for a sample of LAO(> 4u.c)||STO.[193, 50]

interesting study by Liang et al.[92] showed a non-monotonic variation of ag in LAO/STO for which a k-
cubic contribution to the SOC in LAO/STO was introduced. These results tend to agree with measurements
of IEE signal at positive gate voltages V, > 0, but at negative back-gate voltages V, < 0, Nakamura et
al.[105] reported a linear decrease in the spin precession length with respect to the electron sheet carrier
density in SrTiO3-based surface 2DES, where a simplified version of Maekawa-Fukuyama theory?* was used
to fit the magneto-transport measurements. To further clarify this non-monotonic behavior we need to turn
to the complex band structure, that will be discussed in more details in the following section, and which is
at play when it comes to the non-trivial variation in LAO/STO.

Hereinafter, we present the measurements of A\;gp realized while mapping the angular dependence of the

spin direction.

4.2.3.2 Varying the direction of the injected spins

To gain more insight in the non-monotonic variation of A\;gg, we changed the direction of the injected
spins, by rotating fT),lc in the plane of the sample. In Figure 4.22, we plot the variation of A\;gp for different
spin angles, and for various electrostatic doping levels. We notice that for all spin angles, \;pr keeps the
same non-monotonic behavior, whereas we observe a strong variation in the maximum amplitude around
Vy = 200V upon changing the spin angle. Furthermore, A;gg is almost unchanged for negative back-gate
voltages V;, < 0, upon spin rotation. These observations, suggest that A\;gg around V, = 200V has an

anisotropic angular dependence with respect to the spin orientation, which is quite unexpected from the

**They used the Hikami-Larkin-Nagaoka model[58]
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Figure 4.22: Backgate dependence of A\jgg for three different angles of IT)dC.

classical picture of the Rashba spin-orbit coupling. These remarks suggest that a more complex physics is
at play that needs further understanding in order to grasp the complete picture surrounding this non-trivial
variation of A\;gg. To clarify these subtleties, we will study the complex band structure of the 2DES at the
LAO/STO interface, which governs this non-trivial gate dependence of A;gg. In addition, we present in the
next section a complete angular dependence of the IEE signal in order to get a better understanding of the

different phenomena at work.

4.3 Angular dependence of the IEE signal

In this section, we will show the results obtained by mapping the spin degree of freedom, to the IEE signal.
First, for a standard k-linear Rashba spin-orbit coupling (see equation 1.23), one can deduce the following
relation J2P o< J3P x o, where J2P is the charge current density, J2 is the spin current density, and o

the spin direction.

Although recent magneto-conductivity measurements have suggested the possibility of a k-cubic Rashba
spin-orbit coupling for the d,. and d,. orbitals, first-principle calculations combined with the envelope
function method have shown anisotropic non-parabolic spin-split subbands for the d,. and d,. orbitals, which
cannot be explained by the simple k-cubic Rashba term?®. Accordingly, a complete angular dependence of
the IEE signal, is required in order to shed light on the complex orbital nature of the 2DEG at the interface

of LAO/STO.

BIn our case, the k-cubic Rashba term cannot be observed in our signal, because the sum over all k-dependent contributions
with three-fold symmetry cancel perfectly each other giving a zero contribution to the charge current !
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Figure 4.23: Sketcﬂlustrating the contacts geometry on a sample of NiFe||[LAO||STO heterostructure,
while rotating the Hy. in the sample plane.

PY|LAO(S u.c)[|TiO;-STO 150
- —_
T 125
B = Pt seggreRe et
"'3“ 10 :‘{ 100
o s 30
&5 o £ 20
-5 %10 [ AA AR TR A N LN
10 2 0
& @ 100 120 140 180 0 50 100 150
toH(mT) Angle (°)

Figure 4.24: Left pannel: FMR signal for various directions of the spin. Right pannel: Resonance frequency
and linewidth versus the angle of injected spins.

4.3.1 A non trivial angular dependence

In this subsection, we will present the total angular dependence of the IEE signal using both spin-pumping
and SSE experiments. This complex dependence for different electrostatic doping levels will be combined
with the non-trivial band structure obtained from the symmetry of the d orbitals. A more detailed analysis will

follow, in order to understand the underlying physics behind the anatomy of the spin to charge conversion.

4.3.1.1 Angular dependence of the IEE signal

—
We will start by presenting the results obtained using the spin-pumping experiment, where H,;. have been
rotated in the sample plane, as shown from Figure 4.23. We plot in Figure 4.25 a, the FMR response

signal dx”/dH ,and the normalized charge current along both contact directions, J; and Js, for various
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spin angles and for different back-gate voltages V;. At first glance, we observe that the linewidth 6 4 and
the resonance field H, of the FMR signal does not change upon changing the direction of the injected
spins(see Figure 4.24), while the amplitude of dx”/dH changes as a cos(6)? function 2%, where  is the
angle between f?,lc and h—r; In Figure 4.25 a, we plot the angular dependence of the FMR signal while
rotating }ch in the plane of the sample. In the case of J; and Js, we notice a change in the amplitude
while rotating the spin degree of freedom, accompanied with a sign change for both signals, upon a reversal

. —_—
of the magnetic field Hy., which is in agreement with the expected symmetry of the IEE signal.

(a) (b) (c)
"Jﬁff_mm]‘ Agee(nim)

—_— Y 300y
— v . — 200V

Fit 2
O FMR amplifude

Figure 4.25: (a) Angular dependence of the FMR signal where the green hashed region corresponds to the
selected quadrants used in the reconstruction of the total angular dependence of the IEE signal. We plot
the angular dependence of \;gg for (b) V; > 0 and (c) V, < 0.

In order to reconstruct quantitatively the total angular dependence of the IEE signal, we need to normalize
the IEE signal with respect to the FMR signal which is proportional to dx”/dH o |h,f|?, and goes to
zero at # = 90°. Hence, to avoid dividing the IEE signal by zero, we performed our angular dependence
measurements for two sample configurations, where the sample was rotated and measured in two different
positions at 90° angle from each other, in order to avoid regions where dx”/dH goes to zero, as shown
in Figure 4.25, where we chose only the quadrants where dx”/dH is maximum in amplitude. We plot in
Figure 4.25 b & ¢, the total angular dependence of A\;gg for various back-gate voltages V;, while following
the procedure detailed above.

Similarly, in the case of the SSE experiment, as shown in Figure 3.20, we have measured the IEE signal
along both contacts directions, while rotating f?,lc in the plane of the sample, for various back-gate voltages

Vy. With this technique, we do not need to rotate the sample, which makes the thermal experiment much

— —
This angular dependence can simply be retrieved from equation 3.13 for both Hy. and hrs lying in the sample plane
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more flexible than the spin pumping one. In Figure 4.26, we plot the total angular dependence of the IEE
signal for positive V; > 0 and negative V; < 0 electrostatic doping voltages.

Upon a first examination of the results shown in Figure 4.25 & 4.26, we observe that the IEE conversion
signal displays a non-trivial angular dependence, which takes the shape of a four-fold symmetric signal at

around V; = 200V. In the following paragraph we will comment in more details about these results.
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Figure 4.26: Angular dependence of the amplitude of charge current measured in the spin Seebeck experiment
for various back-gate voltages. The arrows represent the direction of the measured charge current with
respect to the direction of Hy.

4.3.1.2 Anisotropic variation of the IEE signal

From Figure 4.26, we notice that in the depleted state ( negative V,;, < 0 ) the photo-current signal displays
an isotropic angular dependence, which is ascertained by the measurement in Figure 4.20 displaying a
cosine(sine)-like shape for the signal. On the other hand, when we start applying a positive back-gate
voltage V;; > 50V, the photo-current signal exhibits a non-trivial angular dependence. This behaviour peaks
near V, = 200V where a four fold symmetric signal is clearly visible, which starts vanishing when applying
back-gate voltages higher than V; > 300V. Similar results where obtained for the spin pumping experiment

as evidenced by measurements displayed in Figure 4.25, where we observe analogous angular dependence for
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AreE. It exhibits again the clear four fold symmetry at around V,;, = 200V, which appears to be vanishing
for higher back-gate voltages V; > 300V, whereas for negative back-gate voltages V, < 0, we have a similar
isotropic dependence for \;gg.

This angular study sheds light on the complex multi-band effect which takes place in SrTiO3-based 2DES. In
the papers of Bert et al.[8], and Li et al.[8], anistropic spin susceptibility have been reported experimentally
which has been linked to an anisotropic Rashba spin-orbit coupling. This results in a different spin Hall
conductivity oggc from the k-linear case, as shown by Zhou et al.[173]

To further investigate this non trivial angular dependence of the IEE signal, we need to recall equation
1.30, which links A\jgE to the Rashba coefficient o and the electron relaxation time 7,. Hence, the non
trivial angular dependence of A\;gp is related to the subtleties associated with the angular dependence of
the Rashba coefficient ag and the momentum relaxation time 7.. Thus, a more detailed study using first

principles calculations may be needed in order to evaluate the different parameters at play.

4.3.2 Evidence for IEE using directional mapping

To gain further insight into the non trivial angular dependence of A\;gg, we can plot the directional mapping

of the IEE signal, knowing that we are measuring our |IEE signal along two non-collinear directions®’, as

shown in Figure 4.26. In the plot, the arrows represent the direction and the norm of the IEE current that

—
was measured for different directions of Hg. and backgate voltage.

Furthermore, we observe that the |EE charge current for negative V;, < 0, has a constant modulus, in
accordance with the isotropic angular dependence of A\;gg obtained using a spin pumping experiment. A

second remark has to do with the direction of the charge current with respect to Hg.: we observe that

-IEE
c

—
J is always perpendicular to the direction of Hy.. When applying positive back-gate voltage V, > 0, we

1EB —
notice a change in the modulus of the charge current vector jZE¥, when changing the direction of Hye,

we observe that the modulus of the vector goes almost to zero along both [110] and [1 — 10] directions,
at around V; = 200V. Again, the direction of the charge current ]gﬂ seems to be orthogonal to the
direction of Hy,. for positive back-gate voltages V, > 0.

To further clarify these findings, we need to recall equation 1.30 defining the charge current density with
respect to the spin current density, which can be re-written as follow:

IEE

—
Je " = MNEE (js X 0) (4.7)

# Along both [100] and [010] directions with respect to the sample crystalline axis.
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This relation 4.7 shows that in the Rashba-Eldenstein picture, the charge current vector jclﬂ is always
perpendicular to the spin current vector Z This is consistent with the experimental results, validating the
nature of the measured signal which can be associated to the IEE.

These measurements allow us to confirm that in the depleted state (V, < 0), the spin orbit interaction
(SOI), is mainly due to a standard k-linear isotropic Rashba term (see equation 1.23). By contrast, for the
doped state (V, > 0), the Rashba splitting becomes very anisotropic[105]. However, one needs to keep in
mind that in our case we cannot observe the k-cubic Rashba contributions due to a symmetry argument
of the k-cubic Rashba coupling which gives a zero contribution in the measured direction of the charged
current.

Nevertheless, in order to better understand the experimental results, we need to investigate the complex

band structure of SrTiO3-based 2DES, in order to shed light on this non-trivial angular dependence.

4.3.3 A complex multi-band effect for STO based 2DES

As presented in Chapter 3 section 3.3.1 , the main ingredient for lifting the degeneracy of the to, triplet,
which forms the conduction band minimum in LAO/STO, is the inversion symmetry breaking at the interface
of LAO/STO, generating a perpendicular confining electric field E—I In this case, the 3d bands are split,
as shown in Figure 2.11, into a light d;, bands and heavy d,. & d,. bands. In the depleted state (
V4 < 0), the Fermi energy Ey is located in the d,, bands, which display a small spin-splitting, resulting
from a low Rashba coefficient ar, which was estimated by Caviglia et al.[193], to be of the order of
ap ~ 3 x 107 2eVom.

When increasing the carrier density ( V; > 0 ), the Fermi energy E increases so that the d,. & d,. bands
are becoming occupied, leading to an increase in spin-splitting and therefore of the Rashba coefficient ap.
It is also to be noted that at the band crossing of the d, and d. & d,. bands, the Rashba coefficient ar

increases by at least one order of magnitude due to a strong orbital intermixing.[172]

4.3.3.1 Avoided band crossings

The Magneto-transport measurements reported a universal Lifshitz transition in several LAO/STO samples,
corresponding to a transition from a d,, single-band to a d,. & d,. multi-band regime, around a critical
density estimated by Joshua et al.[75]%8, to be n. ~ 1.68 x 103cm~2. On a sample of LAO/STO, similar

transport measurements 2% were performed while changing the back-gate voltage, so that a carrier density

2|n the rigid band structure approximation, where the potential well is unaffected by neither the external electric field, nor
by the carrier density itself
Which were realized at the Univertsity of Geneva[18]
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of ne = 9-103em =2 was reported at V, = +100V/, for a sample of LAO(5u.c)/STO.

In addition, a density variation of An, ~ 3 -10'3cm ™2, was reported while changing the back-gate voltage
between —100V" and 4100V, which corresponds to a variation of the Fermi energy of AE; ~ 30meV. As
shown in Figure 4.18, we have observed a non-monotonic variation of A;gpg, which was attributed to a
complex gate modulation of the Rashba coefficient ag and the electron relaxation time 7.. We can further
investigate the gate modulation of A;gg by simply mapping its variation to the band structure.

Indeed, when applying a negative back-gate voltage V;; < 0, the 2DES at the interface of LAO/STO is in a
depleted state, where the Fermi energy E, lies below the Lifshitz point n. < n. and only the d,, bands
are occupied. Given that the d,, bands display a weak Rashba coupling ag, one would naively expect a
small A\;gg, though this ignores the fact that the momentum relaxation time 7. is large and has a non-zero
gate-dependence. Upon increasing the back-gate voltage, the momentum relaxation time 7. decreases, while
the Rashba coefficient ag although small, has a weak energy dependence for d,, bands, which explains the
decrease in A\;gg which is minimum at V;, = OV . For positive back-gate voltages V,;, > 0, the Fermi energy
increases, and the heavy d,. & d,. orbitals are occupied. Furthermore, We observe that A\;gg increases
for positive back-gate voltages V; > 0 signaling a higher Rashba splitting Ag for the heavier bands. In
addition, we notice that A\;gpp reaches a maximum value around V, = 4200V, which corresponds to the
Fermi level hitting the avoided band crossing region. There, a strong orbital mixing takes place, leading to
a maximum spin-orbit strength as demonstrated by the calculations of Zhong et al.[172], where the spin
splitting has a multi-orbital origin, rather different from the standard Rashba splitting (see Figure 2.13 b).
Similarly , in Figure 4.27, Liang et al.[92] have shown similar results, where the spin splitting is maximum
around n, ~ 3.3 - 10"3em 2, which explains qualitatively the maximum value reported at V, = 4200V . In
addition, when increasing the back-gate voltage even further we observe a decrease of A\;gpp, which can be
attributed to the Fermi level E; leaving the avoided band crossing region, and reaching the higher energy
sub-bands with different contribution to ap.

To summarize, we need to recall that A\;gg not only depends on ag, but also on 7, which can change under
electrostatic gating, leading to a more complex analysis of the variations of A;gg. It is also important to
note that the interpretation of the observed ag, expressed in equation 1.25, is nothing but the average of
all spin splitting contributions for all the occupied bands leading to a much more complex analysis for ap.
Indeed, those subtleties need to be addressed, to further gain more insight about the complex behavior of
AregE. We will, in the next section, undertake a complete analysis of the angular dependence results for the
IEE signal, aiming to better understand the non trivial multi-orbital effects underlying the complex behavior

of aR.
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Figure 4.27: (a) Spin splitting A (left axis) and Rashba coefficient (right axis) versus the 2DES carrier
density, for a LAO(11u.c)|STO sample .(b) Band structure of STO-based interfaces with the three lowest
subbands dg,, d;» and d,;; in the presence of spin-orbit coupling.[92]

4.3.3.2 Anisotropic Rashba coefficient

In order to map the angular dependence of the IEE signal, let us now focus on Figure 4.26. We notice
that at negative back-gate voltage V;; < 0, only the light d;, bands are occupied. On the right panel in
Figure 4.28, we plot the Fermi surface for the d,, band, we notice that it contains two Fermi contours
with opposite spin chiralities, where the spin degree of freedom is always perpendicular to the electron
momentum. This is in accordance with the standard Rashba picture3? and it is consistent with the results
shown at negative back-gate voltage. When increasing the backgate voltage to positive values V,;, > 0, the
Fermi energy lies within the heavier bands d,. and d,..

From the first-principles calculation, taking a six-band k.p Hamiltonian used within the envelope function
method, Heeringen et al.[157] have found anisotropic non-parabolic spin-splitting for the heavy sub-bands d.
and d,., as shown in Figure 4.29 a. These theoretical results agree with the magnetic torque magnetometry
and transport measurements which were realized by Li et al.[90], from which he reported an anisotropic spin
susceptibility. Similarly, we observe in Figure 4.28 that the |EE signal displays an anisotropic behavior similar
to that reported by Zhou et al.[173] where first order perturbation theory leads to an effective Hamiltonian

for the top pair of bands®! :

|k iatOpk
Hiop(k) = | 2mer r 4.8
tOP( )— ' k2 ( : )
—iatoPL L
R + 2mtop

30Check equation 1.25

31Zhou et al. have derived an effective Hamiltonian from a quasi-degenerate perturbation theory up to a leading order
in spin-orbit strength ¢, so that the (6 x 6) Hamiltonian can be divided into 3, (2 x 2) block matrices Hiop, Hmidaie and
Hbottom-[173]

111



CHAPTER 4. ANISOTROPIC AND TUNABLE SPIN-TO-CHARGE CONVERSION SIGNAL AT LAO/STO
INTERFACE STATES

¥

o

k

X

Figure 4.28: 3D band structure of the LAO|STO interface, where six different Fermi surfaces are mapped to
the corresponding angular dependence of the IEE signal obtained from spin Seebeck measurements.
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where k+ = k, + ik,, we notice that each pair of bands displays its own effective Rashba coefficient aﬁf{p,
apiddle and b9ttom respectively, where the top and bottom bands exhibit a standard k-linear Rashba SOC

while the middle bands exhibit an anisotropic Rashba SOC given by :

HEY = (W2 - k)(k x0)-Z (4.11)

This anisotropic spin-orbit coupling was also reported by Zhong et al.[172], where at the avoided crossing

points, the multi-orbital effects lead to a four-fold symmetric Rashba coefficient, as shown in Figure 4.29 c.
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Figure 4.29: (a) Energy dispersion computed using a 6-band k - p Hamiltonian within the envelope function
method, the figure in the inset corresponds to the Fermi contours at Fermi energy E; = 18.6meV (red
line).[157] (b) Energy dispersion corresponding to the 6-band effective Hamiltonian derived by Zhou et
al.[173] (c) Angular dependence of the Rashba coefficient for both the bottom bands (green curve) and
middle bands (red curve) in the framework of the effective Hamiltonian.[172]

So to summarize, when increasing our back-gate voltage, the heavy bands d,. and d,., will be occupied
leading to anisotropic g, which we observe for V;, > 0V. At around 200V we observe a clear four-fold
symmetric signal, similar to the shape of ar, shown in Figure 4.29 c. Upon applying V; > 300V, we notice

that the anisotropy of the IEE signal decreases , due to the Fermi energy leaving the band crossing points
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and reaching higher energy bands which have isotropic contribution to ag. This is consistent with the
results of Zhou et al.[173], who reports a standard k-linear Rashba SOC for the upper bands in his effective
Hamiltonian. We also need to note that although this interpretation seems in accordance with the observed
experimental results, the angular dependence of the IEE signal also depends on 7., whose possible angular

dependence was not taken into account for this analysis.

4.3.3.3 Highly efficient Orbital Edelstein Effect in LAO|STO

Since electrons display both spin and orbital degrees of freedom, one would expect that the spin-to-charge
conversion in LAO|STO should be driven by both the inverse spin and orbital Edelstein effects. However,
the latter have often been ignored when discussing the Edelstein effect in Rashba systems. It appears that
for the two dimensional electron gas at SrTiOj3 interfaces3? the orbital Edelstein effect could exceed its
spin counterpart by one order of magnitude. In the following, we will show both spin and orbital effects are

necessary to account for our experimental results.

4.3.3.3.1 Orbital Edelstein effect in LAO|STO As shown previously33, the strong contributions
of the orbital Edelstein effect have been predicted to emerge from the wave packet self-rotation, taking
place in helical and chiral crystals, as well as Rashba systems such as the surface of sp metals[226],
noncentrosymmetric antiferromagnets[130], or oxide interfaces in particular the 2DES at the interface of
LAO|STO[203] . Indeed, from first principles calculations, Johansson et al.[203] have shown that the
orbital Edelstein effect is at least one order of magnitude higher than its spin counterpart in the 2DES at
SrTiOgs-based interfaces, as illustrated in Figure 2.14 c. The dominating contribution of the orbital Edelstein
effect can be linked to the non-compensation of the orbital moments in the inner and outer Fermi contours
compared to their spin counterpart, due to the higher quantum numbers associated with the orbital degree
of freedom.

Furthermore, the orbital contribution of the Edelstein effect does not change sign®*, contrary to the spin
Edelstein effect. A similar conclusion can be drawn for the inverse effects®®, in virtue of the Onsager
reciprocity theorem.[216]

It is also important to report, that the orbital and spin Edelstein effects display a maximum efficiency around
Ey ~ —53meV, as shown in Figure 2.14 a, which coincides with the first avoided crossing of the band

structure of the 2DES at the STO interface. However, the origin of these maximum contributions in both

32Such as the interface between LaAlO3 and SrTiOs

3See section 2.5.2.3 Chapter 2

34 For the desired energy range blow Ey ~ —20meV, or at a higher back gate voltage unreachable in the experiment
%lnverse Spin and Orbital Edelstein effects
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the spin and orbital Edelstein effects can be attributed to two different sources. In the case of the spin
Edelstein effect, the maximum efficiency can be linked to the strong Rashba splitting induced by the orbital
hybridization at the avoided band crossing which is accompanied by a large difference of the band-resolved
spin densities of states. On the other hand, the maximum efficiency of the orbital Edelstein effect can be
related to the large differences in the orbital moments of the Rashba-like split states, which can be seen in

Figure 4.31.

4.3.3.3.2 Discussion From the experimental results shown in Figures 4.18 and 4.26, we report no sign
reversal of the IEE signal with back-gate voltage V;, as well as an extremely large angular anisotropy of the
IEE signal around V,; = 200V, which was not reported in previous experimental findings. In fact the sign
change of the IEE signal was first reported by Lesne et al.[200] (see Figure 4.30) who attributed such effect
to the various orbitals contributions with opposite spin chirality. In addition to that, we report a strong
in-plane anisotropy which is predicted by calculations to show a factor of 2.2 between IEE signals at 0° and
45°, whereas we measure a factor 6. So, it seems that some ingredient is missing to fully account for our
data.

Indeed, as one may suspect we need to take into account the Inverse Orbital Edelstein effect. In fact, the
orbital contribution should exist in our case due to the spin-orbit coupling in the permalloy layer, which

converts some spin flow into an orbital angular momentum flow. Interestingly, considering only 8% of orbital

tot

contribution to the total IEE conversion efficiency x5,

is enough to suppress the sign change stemming
from the reverse spin chirality of some bands. In Figure 4.30, we plot the total conversion efficiency for

both sets of measurements with spin pumping and spin Seebeck, which can be accounted for by taking

tot
Ty "

respectively 8.2% and 7% of Orbital contributions of the total conversion efficiency3° y
Furthermore, the angular dependence of the IEE signal can also be understood in the framework of these
two contributions to the IEE signal. As a first consequence, this additional orbital contribution is mainly
driven by a k-linear Rashba term even at V; > 200V, so that a purely tangential IEE current is expected by
the orbital effects which agrees with the experimental findings ( see Figure 4.18 & 4.19). Moreover, the
anisotropy of the orbital Edelstein effect signal around the avoided band crossing points (V, ~ 200V') is
greater and opposite to the one displayed by its spin counterpart3’ (see Figure 4.31). Thus, when adding

8% of the orbital Edelstein contribution to 92% of the pure spin contribution, one obtains an anisotropy

factor of 5, which is rather close to the factor 6 observed in our measurements (see Figure 4.26). Hence, it

%The percentage of orbital versus spin contributions, is roughly equivalent to the ratio between the crystal field potential,
allowing for the interaction between the lattice and the orbital angular momentum of the electron, and the spin-orbit strength.[54]
]t is around a factor of 3 as estimated from Figure 4.31
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Figure 4.30: (Top left) gate-dependence of A\;gp and (top right) charge current measured in the spin
Seebeck experiment. Figures in the bottom represent the computed Edelstein efficiency extracted from
Johansson et al.[203] considering 8.2% (bottom left) and 7% (bottom right) of orbital Rashba contributions
along with the inelastic lifetimes from Féte et al.[175]

seems that the whole picture is consistent with our data.
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Figure 4.31: Evidence of the anisotropic spin and orbital splitting for SrTiO3 based 2DES.(a) Spin texture
and (b) orbital texture at Ey = —53meV.[203]

It is also important to note that the tunnel barrier can be detrimental to the filtering of the small orbital
contributions. In particular, the amorphous nature of the AlO, barrier which was used in previous studies
where no orbital contribution was reported on the IEE signal. In contrast, we believe that our well crystallized

5 u.c thick LAO barrier transmits the orbital part much more efficiently.
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4.3.4 The spin lifetime in LAO/STO

The large A\;pg reported for LAO/STO is rather surprising, knowing that the Rashba splitting in LAO/STO
interface was reported to be at least two orders of magnitude lower than that measured in Ag/Bi, albeit
Arep in LAO/STO is at least 1 order of magnitude higher than that measured in a sample of Ag/Bi, as
shown previously[200, 199]. However, one should recall that \;gg ~ aprTe, is also dependent on the carrier
lifetime, which is estimated to be in the order of 7. ~ 1ps[175], at least two order of magnitude higher
than Ag/Bi where 7. ~ 10fs.[199]

To gain further insight in this astonishing difference in the carriers relaxation rate between these different
Rashba systems, one needs to investigate the transport properties of the conducing electrons at these
Rashba interfaces. In the case of a perfectly isolated 2DES, only the electron scattering relaxation time
should be considered, but because our 2DES is not perfectly isolated from its environment, electrons can
leak out through the tunneling barrier into the adjacent metallic layer where these electrons will be scattered
at much faster rate 7. ~ 10fs . In this picture, the effective carriers lifetime 7.y is characterized by two
different channels. The first being the escape time 75 through the tunneling barrier, and the second is the

momentum relaxation in the 2DES 7, resulting in the following expression for 7. :

Teff = T 1 (4.12)

In the case of a long escape time 7.4, > T¢, only the electron scattered within the 2DES will participate into
the carriers lifetime, which is the optimal situation. Whereas in the case of a short escape time 7esc < Te,
the carriers lifetime will be provided by the electron scattering time in the adjacent metallic layer. In this
regard, the carriers life time in Ag/Bi interface will correspond to the latter case. Whilst, in the case of
LAO/STO, the carriers escape lifetime is given by 7.s. = (RAe?m)/(27h?), which is estimated to be in
the range38 of ~ 1ps , which corresponds to the same order of magnitude as 7, which is estimated from
transport measurement to be in the order of ~ 1 to 10 ps[175]. This approach explains quantitatively the
long electron life time observed in LAO/STO.

Another important question is also of interest, which is related to the spin injection mechanism in LAO/STO,
in our case the spin transparency of the LAO layer seems to be independent of the thickness of the LAO
barrier[34], in stark contradiction with the spin tunneling paradigm, where the injected spin current would
decay with the barrier thickness.

To further clarify this contradiction, we need to invoke the results shown by Reyren et al.[242] where a

BGiven that RA = ptrao ~ 25Q - um? for a 5 u.c LAO layer
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resonant tunneling in the LAO barrier was reported to amplify the spin accumulation signal, due localized
states in LAO layer which are strongly coupled to the 2DES at the interface. Thus localized states in the
LAO barrier can play an important role in the spin injection mechanism in LAO/STO where strongly coupled
localized states in the insulating LAO barrier will participate into the spin injection mechanism, through
exchange coupling .

Similarly, Cerqueira et al.[33] have demonstrated that coupled localized states in n-Si barrier can enhance
the injected signal in the Pt layer compared to a system without the n-Si barrier. They even reported a very
small variation in the ISHE signal when changing the thickness of the n-Si layer as shown in Figure 4.32,
where similar results are observed for both thicknesses of 37nm and 124nm. Thus, localized states in the
LAO barrier can explain the discrepancy observed between our results and the simple tunneling model®.
To summarize, the long relaxation lifetime of the carriers in LAO/STO can be attributed to the low carrier
concentration in the 2DES which is quite isolated from the outside charge reservoirs, thanks to the insulating
barrier of LAO. In addition, it should be noted that the spin injection mechanism through an insulating
barrier of LAO can be explained by a chain of weakly coupled localized states, which can be promoted by
defects or impurity present during the growth of the insulating barrier. In order to further investigate the
electron relaxation rate at the interface of LAO/STO, we need to perform a new kind of measurement,
using ultra-fast optical techniques, which will allow us to study the ultra-fast dynamics of the spin-to-charge

conversion in LAO/STO, and also to give an estimation of the electron relaxation rate.
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Figure 4.32: Spin pumping mechanism through localized states at a MgO|Si interface.(a) ISHE signal for
different thicknesses of the n-Si interlayer.(b) Comparison of the ISHE signal for three different samples. (c)
A sketch illustrating the spin injection mechanism through the localized states at the MgO|Si interface.[33]

39With an exponential decay for the injected spin current
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4.4 Conclusion

To sum up, we have reported in this Chapter the possibility to modulate the IEE signal at the interface of
LAO/STO, through electrostatic doping, as well as a strong anisotropy of the angular dependence of the
spin-to-charge conversion signal. This is linked to a complex multi-band effect which is a salient feature of
transition metal-oxides.

In addition, our measurements unravel the existence of a dominant orbital Eldelstein effect contribution
to the IEE signal. In this regard, we have postulated an 8% orbital angular momentum injection which
explains all the features of the back-gate and angular dependences of the IEE signal including its sign, its
strong anisotropy and its directional dependence. Interestingly, we have been able to draw a link between
the back-gate and angular dependences of the IEE signal and the band structure of LAO/STO. This is
particularly visible when the chemical potential is near the avoided band crossings where the IEE signal
displays a strong 4-fold symmetry.

Furthermore, it seems that the orbital part of the IEE signal, which is potentially the dominant contribution,
could be much better harnessed in order to maximize the conversion efficiency. It is also important to note
that the electron relaxation time in the 2DES at the LAO/STO interface, is of central importance in the
strong spin-to-charge conversion efficiency recorded at the LAO/STO interface. In order to design the
future highly efficient spin-to-charge converters, one needs to take into account the various parameters
which can be exploited such as the anisotropy effects, the orbital contribution to the IEE signal and the
spin relaxation rates. Obviously, much larger conversion efficiencies could be achieved if the orbital part of

the incoming angular momentum, as well as the electron relaxation times can be maximized.
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5.1 Introduction

In this chapter we attempt to investigate the ultrafast dynamics of the spin-to-charge conversion process in
LAO/STO. To do so, we need to generate a picosecond burst of a spin current matching the timescales
behind the spin-to-charge conversion mechanism in LAO/STO?!, which is estimated to be around ~ 1ps
from magneto-transport experiments[193, 175]. However, we need an additional experimental method
which will allow us to study the ultrafast dynamics behind the spin-to-charge conversion at the picosecond

timescale in order to answer some fundamental questions related to the spin lifetime 75 within the 2DES at

1See Chapter 5 section 5.3.4
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LAO/STO interface, and to elucidate the various mechanisms at play when the spin is converted into a
charge.

In this chapter we will present the first preliminary results in order to answer to these opened questions.
First of all, because we want to study our systems at timescales which are very short (~ 1ps), we rely on the
high time resolution provided by ultrafast lasers(~ 150fs), which allow us to study the ultrafast dynamics
behind the spin-to-charge conversion. In this context, this chapter will provide the first experimental findings
using various methods in order to characterize the spin-to-charge conversion at different timescales. In the
course of this Chapter we will present three optical methods used to detect a picosecond spin current burst
which is generated by taking advantage of the ultrafast demagnetization mechanism.

In this regard, we will first investigate the ultrafast demagnetization process in a ferromagnetic layer which
is the basic mechanism at the origin of the optically induced picosecond spin current burst. Secondly, we
will introduce a first measurement technique allowing us to probe a picosecond spin current burst through
the Magneto-Optical Kerr effect (MOKE). Then, we will present a second technique which relies on the
generation of the Second Harmonic signal in order to probe the electric field in heavy metals thanks to the
spin-to-charge conversion. Lastly, a third technique to detect spin currents at the picosecond timescale
relies on the detection of THz radiations which can be generated through the spin-to-charge conversion

mechanism in an adjacent layer.

5.2 Ultrafast demagnetization and Hot carrier injection

Following the absorption of a femtosecond optical pulse, a ferromagnetic material undergoes a process called
ultrafast demagnetization, where the magnetization of the ferromagnetic layer drops rapidly in the 100fs
time scale, and if we place an adjacent layer in contact of the ferromagnet, a fraction of the magnetization
will be transferred to the adjacent layer. In this section, we will present both the local mechanisms which
are associated with the demagnetization processes within the ferromagnet, and the non-local mechanism
which can be tied to the transport of the hot carriers towards the adjacent layer.

Beaurepaire et al.[7] were the first to report the ultrafast demagnetization effect using nickel thin films,
other ferromagnetic materials display behave similarly as shown by various later studies[26, 16, 96]. In
order to understand the relaxation mechanisms of the electrons and spin systems during the ultra-fast
demagnetization one needs to separate the thermalization and the coherent processes. The former relates
to the three temperature model which includes three interacting reservoirs (electrons, spins, and the lattice)

which thermalize at different time scales, so that the demagnetization process takes place after the charge
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carriers relaxation time ~ 50fs. It appears that the thermalization process plays an important role in the
demagnetization mechanism through the spin orbit coupling reported e.g. by Boeglin et al.[16] using XMCD
measurements on CoPd film, as well as the exchange splitting between the majority and minority spin
populations studied e.g. by Carley et al.[26] using angle-resolved photoemission spectroscopy on gadolinium
. On the other hand , the coherent processes are associated with the laser pump which can influence the
magnetic ordering in our ferromagnetic layer. Bigot et al.[10, 11] have demonstrated that these coherent
processes can be understood in the framework of the coherent interaction between the photon field and the
spins through the spin-orbit interaction. This modifies the magneto-optical response which was investigated

using time-resolved magneto-optical Kerr effect measurements on nickel and CoPt samples.
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Figure 5.1: Various processes associated with the magnetization dynamics at different time scales.[11]

In Figure 5.1, we plot a sequence of various relaxation processes taking places at various time scales. Shortly
after the laser excitation hits the ferromagnet, the electrons are selectively excited to higher energy bands,
in a coherent process decaying very rapidly with a dephasing time around ~ 0.1 to 1fs, and the uncertainty
over the spin density distribution takes place due to quantum fluctuations. After that, the electrons relax to
lower energy states, near the Fermi level, where they undergo inelastic scattering due to the Pauli exclusion
principle this process can last around ~ 100fs. Later, the interaction between the electron, spin and phonon
reservoirs transfer the energy to the lattice, leading to the longer time scale for the full demagnetization
process around ~ 1ps. Finally, through elecron-magnon interactions the ferromagnetic layer is remagnetized
with the typical timescale of the magnetization precession around ~ 1ns.

As we have seen previously, the ultrafast demagnetization process in a ferromagnetic layer creates

ballistic spin polarized hot electron which exist for around ~ 1 fs after the first laser burst, shortly after they
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transfer their angular momentum to the lattice through the electron-phonon coupling for the next 200 fs.
Importantly, if one places a heavy metal layer? in contact with the ferromagnet, a portion of the angular
momentum will be expelled form the FM into the metal and disappear due to fast spin relaxation mechanisms.
At the same time, some of it will be converted into charge®. So by studying the demagnetization of the
ferromagnetic layer one can deduce the amount and time scale of the spin population lost inside the heavy
metal layer[42, 119]. It is also important to note that various mechanisms are behind the creation of
non-equilibrium hot charge carriers upon the femtosecond laser excitation. In fact, these mechanisms can be
separated into local electronic processes which occur inside the ferromagnetic layer and have been discussed
previously?, and non-local processes[6, 98] which correspond to various spin transport phenomena into the
adjacent heavy metal layer through mechanisms such as conduction, heat diffusion or state-filling transport

which corresponds to transfer of spin polarized excited states into the adjacent heavy metal layer as shown
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Figure 5.2: (a) Creation of hot carriers (HC) through both local and non-local electronic processes. Sketch
of the effects of the femtosecond laser excitation on both (b) a FM/Insulating bilayer where only local
processes exist and (c) a FM/Conducting bilayer where both local and non-local processes exist. The red
shaded area corresponds to the laser profile inside the FM layer.[119]

To summarize, we have introduced here that the ultrafast demagnetization mechanism can be derived
into various processes with various response times. In fact, it has been reported that at least 80% of the

magnetization is transferred to the lattice trough electron-phonon coupling in the first 200fs after the

2t can be any highly efficient spin-to-charge conversion system.
3Either through the ISHE/IEE
“see chapter 6 section 6.1
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laser burst[43]. In addition, thanks to the non-local mechanisms, a picosecond spin current can be injected
within an adjacent layer, which was demonstrated in previous experiments[6, 98, 78]. In the case where the
adjacent layer is a heavy metal, the injected picosecond burst will be converted into a charge current, thanks
to the ISHE, which will be detected as a terahertz (THz) radiation, which was experimentally reported by

Kampfrath et al. in Fe/Au heterostructures|78].

5.3 Time-resolved characterization of the Picosecond Spin Currents

5.3.1 Time-resolved MOKE experiment

The first method used to experimentally characterize the utrafast spin current relies on a time-resolved
measurement of the magnetization of a ferromagnetic material at the time scale between 100fs to 1ns,

through the so-called Magneto-Optical Kerr Effect (MOKE) which will be introduced in the next section.

5.3.1.1 Magneto-optical Kerr effect

Transverse Longitudinal Polar

i
w w

M ¢ ) | MR & 1‘M

Figure 5.3: Various configurations of Magneto-Optical Kerr Effect (MOKE). M represents the magnetization
of the ferromagnetic layer, while w represents the plane of incidence of the incoming light.

Due to the interaction between the laser light which is partly reflected on the surface of a ferromagnetic
material and its magnetization, a change in the polarization as well as the intensity of the reflected signal is
induced, This is mainly due to an anisotropic permittivity appearing in the the off-diagonal components
of the permittivity tensor €, so that the magneto-optical coupling is maximum when the magnetization is
parallel to the propagation vector of the light[117]. This effect is known as the magneto-optical Kerr effect
(MOKE) and it is very well suited to study the demagnetization of a ferromagnetic layer at the picosecond
timescale through the analysis of the time-resolved Kerr rotation and ellipticity, which allows us to retrieve

all relevant parameters related to the magnetization dynamics.[119]
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5.3.1.2 Time-resolved MOKE experiment: experimental set up

The ultrafast demagnetization process can be investigated thanks to the time-resolved MOKE experiment
which relies on a pump-probe measurement where the laser beam is split into a 70/30 power ratio between
the laser pump beam and the probe beam. In this case the pump beam is set at 200mW through the
attenuators and A = 800nm and impinges at normal incidence to the surface of the sample (see Figure 5.4)
with a fluence of 200u.J/cm?, while a probe beam is sent on the sample at a 45° incident angle®, with a
fluence of 50u.J/cm?. After being reflected on the surface of the sample, the light beam goes through
either a half-waveplate or a quarter-waveplate® which allows for the measurement of TR-MOKE signal
either in rotation or in ellipticity. Then, the light beam goes through a Wollaston prism’ which allows
for the separation of the light beam into ordinary and extraordinary light beams which are collected by
a balanced photodiode that compares the intensity of those two light beams (see Figure 5.4 ).The laser
beam is produced by Ti:sapphire laser beam ( LIBRA ) with a laser pulse of 150fs and A = 800nm. In
the case of the probe beam, its wavelength is converted to A = 400nm after passing through a 5-BBO
crystal, then it goes through a polarizer and attenuators in order to tune the polarization and the power of
the incident light beam as shown in Figure 5.4. In order to study the static effect, the magnetic field is
rotated in the plane of the sample, and rotation and ellipticity of the light polarization are analysed by the
difference of intensity detected by the balanced photodetector between the two channels, which follows
a sine curve, as shown in Figure 5.5. In order to perform time-resolved measurements, the time delay
between the pump and the probe is adjusted through a delay stage at a constant magnetic field, as shown
in Figure 5.4. The temporal evolution of the MOKE signalis then reconstructed by measuring the signal at
various time delays. In fact, the MOKE signal is measured with a balanced detector connected to a lock-in
amplifier locked on the frequency of the beam chopper set at 125 Hz, placed in the pump beam so that only
the variations in the signal coming from the pump will be detected. Additionally, in order to retrieve the
true demagnetization signal from the measurements one needs to subtract all non-magnetic contributions.
This is achieved by subtracting the measured signal for two opposite directions preferably at maximum
intensity i.e at 0° and 180°, to maximize the contrast of the signal. Moreover, the demagnetization signal is
normalized by the amplitude of the MOKE signal in the absence of the pump. The MOKE signal shown
in Figure 5.5 was measured using a lock-in amplifier which was synchronized with the frequency of the

chopper on the incident laser beam equal to a harmonic of the repetition rate of 1 kHz (usually we chose

®Since the magnetization of thin film is in-plane, the MOKE signal is only sensitive to the parallel component of light with
the in-plane magnetization.

5See Appendix E section e2 for more details

"See Appendix E section E1 for more details
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125 Hz). We should also note that the amplitude of the measured MOKE signal at saturation was used to

normalize the variations of demagnetization curve, as shown in Figure 5.5.
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Figure 5.4: A sketch illustrating a TR-MOKE experiment.(Adapted from [35])
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Figure 5.5: (a)MOKE signal measured in rotation on a sample of Py|LAO(5u.c)|STO for two scans of the
magnetic field which was rotated in the plane of the sample.(b)Normalized TR-MOKE signal measured on
a sample of Py|LAO(5u.c)|STO.

5.3.1.3 TR-MOKE measurements

In this section we will present various demagnetization curves obtained from various samples of Py|LAO(5u.c)|

STO with and without the 2DES at the interface. Before digging into the experimental results we will first

give a brief overview on the various parameters that can be retrieved from a demagnetization curve.
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5.3.1.3.1 Fitting TR-MOKE curves The ultrafast demagnetization processes occur shortly after the
laser pulse hits the sample, usually in less than 2 ps. After that , the sample slowly remagnetizes through
typical magnetization precession processes in the nanosecond range most likely triggered by the ultrafast
changes in the magnetic anisotropy field. In order to take into account those two effects, we can model our

signal using the following equation:

= —Adeft/Tdepcos(%wt + ¢)e (5.1)

where AM (t)/M is the relative variation of the MOKE signal, A is the maximum demagnetization, A, is
the amplitude of the precession, 74 is the remagnetization time, 7, is the damping time, v is the frequency

of the precession, and ¢ is the phase of the precession motion.
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Figure 5.6: Normalized TR-MOKE signal measured on a sample of Py|LAO(5u.c)|STO.

In Figure 5.6, we plot the ultrafast demagnetization signal of a sample of Py|LAO(5u.c) | STO in rotation.
We observe a rapid decrease in the magnetization in less than < 1ps with a maximum demagnetization
amplitude Ay ~ 35% and a remagnetization time 75 ~ 800ps in the nanosecond time scale, as we would
expect. Meanwhile, the precessional part of the signal seem to be less well reproduced by the fit due to the
fact that model considers the norm of the magnetization to be constant, which is not the case in reality. So,
we can retrieve the amplitude of the precession on the MOKE signal A, ~ 10.8%, and the ferromagnetic

frequency v ~ 13.6GH 28 .

8From Kittel's Formula (see section 4.2.1.1.2), we retrieve a frequency at H = 1,5KOe equal to v ~ 12.6GH z
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5.3.1.3.2 TR-MOKE signal in LAO/STO samples The demagnetization curve of a sample of
Py|LAO(5u.c)|STO has been measured by TR-MOKE, and was compared to two other samples of CoFeB|Pt
and CoFeB|MgO|Pt, as shown in Figure 5.7. Those measurements reveal a similar magnetization drop for
both Py|LAO(5u.c)|STO and CoFeB|Pt, whereas the sample of CoFeB|MgO|Pt displays a smaller drop of
magnetization. Futhermore, in order to highlight the effect of the 2DES at the interface of LAO/STO we
need to compare the TR-MOKE signal for two different samples of LAO/STO with and without the 2DES
at their interface. In Figure 5.8, we plot the TR-MOKE signal for both samples of LAO/STO, which unveils
a slightly higher drop in the magnetization in the case of TiOa-terminated STO (35% magnetization drop)
compared to that with SrO-terminated STO (30% magnetization drop). However, the remagnetization
time for both samples seems to be in the same range at the nanosecond timescale. Furthermore, the spin
coherence time exhibits a slightly higher value in the case of TiO2-terminated STO (7, ~ 50.4ps) compared

to SrO-terminated STO sample (7, =~ 25ps) at room temperature, as shown in Figure 5.8.
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Figure 5.7: Comparison of the ultrafast demagnetization in three different samples.

5.3.1.4 Discussion of the TR-MOKE measurements

From Figure 5.8, we observe that the demagnetization in the LAO/STO sample with TiO 2 -terminated
STO is higher than the one with SrO-terminated STO. This difference can be ascribed to the presence of
the 2DES at the interface which seems to provide an additional spin reservoir leading to an increase in the
demagnetization of the FM layer. However, the apparent larger damping of the FMR oscillations for the
SrO-terminated sample is not consistent with the increased exchange (loss) of angular momentum with the

2DES.

We should also note that when comparing the three different curves as shown previously in Figure 5.7, one
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can link the drop in the magnetization to the transfer of a spin population into the 2DES/HM layer, which
is clearly evidenced by the small drop in the magnetization when an MgO barrier is separating the CoFeB
layer from Pt layer, thus preventing the magnetization transfer from the ferromagnet to the HM layer.
However, when comparing the remagnetization curves for both samples of Py|LAO|STO and CoFeBj|Pt,
we observe a much faster remagnetization in the latter case. This points to a quite different relaxation
process between CoFeB|Pt and Py|LAO|STO very likely linked to the much larger spin relaxation time in
the latter[193, 200].
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Figure 5.8: (a) Demagnetization curves and (b) TR-MOKE signal measured in two samples of
Py|LAO(5u.c)|STO with both TiO2 and SrO terminated STO at room temperature.

5.3.2 Time-resolved SHG experiment
5.3.2.1 Imaging of the electric field with Second Harmonic generation (SHG)

In the electric dipole approximation, a non-linear contribution to a leading order comes from the second
harmonic term 2, which can be associated to either spatial or time symmetry breaking[41]. Since an in-plane
electric field breaks the spatial symmetry, one can expect to measure a second harmonic signal emanating
form the electric field generated through the spin-to-charge conversion of the picosecond spin current
through the ultrafast demagnetization process. The experimental technique used to probe the electric field
within the heavy metal layer relies on non-linear optics and the generation of higher harmonics of light and
particularly the second harmonic generation at twice the frequency 2w of the incoming light[149]. Hence,
the incoming laser light at w will couple to the in-plane electric field through the third order susceptibility

tensor % generating an electric dipole P?* at a frequency 2w given by :

“Which is proportional to a third order electric susceptibility tensor %, for which we give a detailed expression, in Appendix
F, in the case of 4mm point group symmetry, which corresponds to the symmetry at the interface of LAO/STO.
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P2¢ — YE“EYE |sHE (5.2)

It is also important to note that the generated electric field E jgyg due to spin-to-charge conversion can be
at frequency €2, so that the generated light will be emitted at frequency |2w + Q|[103]. However, if one
considers a slowly varying electric field (2 < w), the generated light wave will still be seen as the second

harmonic signal (|2w + Q| ~ 2w).

5.3.2.2 Time-resolved SHG imaging: experimental set up

. LIBRA

. Telescope

. Filters

. Delay stage

. Attenuators

. Polarizer

. Waveplate A/2

. Waveplate A/2

. Attenuators

10. Parabolic mirror

11. Absorber

12. Beam splitter (50/50)
13. High pass filter 750nm
14. Sample

15. Low pass filter 750nm
16. Objective lens

17. Diaphragm

20 18. Analyzer

19. Band pass filter 450nm
20. Camera

LI W =

Figure 5.9: A sketch illustrating a TR-SHG experiment.(Adapted from [35])

In order to perform time-resolved imaging of the electric field at the interface of FM/HM samples, we have
developed a pump-probe experiment. In our case, we set both the pump and the probe beams at the same
wavelength A = 800nm. The pump beam is sent through some filters and attenuators so that the power is
set at P = 200mW then it is focused on the sample by a parabolic mirror, as illustrated in Figure 5.4. At
the same time, the probe beam is set at P = 200mW, delayed while going through a delay stage and sent
to the sample by a 50/50 beam splitter (see Figure 5.9). The Second Harmonic signal generated by the

sample is then collected by a camera after being filtered and focused!?, as shown in Figure 5.9.

%1t is also interesting to note that the SHG signal measured by the camera is normalized with respect to the angular
dependence of the laser intensity while varying the angle of the polarizer (see Figure 5.9).
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5.3.2.3 Comparison between Pt, MgO and Cu

It is important to note that the second harmonic signal associated with the in-plane electric field due to
the spin-to-charge conversion was never observed previously in the literature. Therefore, we will present in
the following the preliminary results obtained by comparing three different well-known systems, which are
CoFeB|Pt, CoFeB|Cu|Pt and CoFeB|MgO|Pt heterostructures.

Since we are measuring the TR-SHG signal using the pump and the probe beams at the same wavelengths
(A = 800nm), one would expect that at ¢t = to we will observe a maximum intensity signal corresponding to
the cross-correlation of both laser beams, as shown in Figure 5.10 a. The highest signal is reported from the
sample of CoFeB|Pt, where we observe a rapid decrease of the signal just after the first 200 fs from t = ¢
which can be associated with the effect of the demagnetization on the CoFeB|Pt interface. Furthermore,
we notice that the SHG signal emitted by a sample of CoFeB|Cu|Pt displays a similar shape with a lower
amplitude compared to CoFeB|Pt. However, in the case of CoFeB|MgO|Pt, we observe that the SHG signal
exhibits a different shape from to the other two samples, without the rapid demagnetization curve measured
previously, and with a similar amplitude to the one reported in the sample with Cu spacer. Additionally, we
report a cosine-like shape angular dependence of the SHG signal with respect to the magnetic field in a
sample of CoFeB|Pt, which is illustrated in Figure 5.10 b, highlighting the magnetic nature of this interface
signal. Furthermore, when measuring the angular dependence of the SHG signal while rotating the position
of the analyzer (see Figure 5.10 c) we observe a strong change at 90° angle of the analyzer at ¢ = ¢y, which
can be associated with the cross-correlation happening at ¢ = £y. In the next section, we will try to give a

brief analysis of the aforementioned results.

5.3.2.4 Discussion of TR-SHG

It seems that the measured SHG signal has a magnetic nature, and from Figure 5.10 a, we can assume that
its strength is linked to the CoFeB and Pt interface. In fact, the explanation of the measured signal seems
to stem from the strong magneto-plasmonic effect at the interface of CoFeB and Pt[168, 144]. Indeed,
when inserting a Cu or an MgO spacer layer between the CoFeB and Pt layers, we observe that the effect is
considerably reduced. However, when inserting the MgO spacer, we also observe that the signal no longer
displays the rapid demagnetization curve that can still be observed in the sample with the Cu spacer. This
can be related to the fact that the MgO barrier does not allow for the spin to be transferred to the adjacent

Pt layer contrary to Cu barrier.

To conclude, we can say that the measured SHG signal does not allow to clearly identify the built-in spin
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Figure 5.10: Comparison of TR-SHG signal for three different samples. (a) The TR-SHG signal for CoFeB|Pt,
CoFeB|Cu|Pt and CoFeB|MgO|Pt. In the inset we plot the SHG image obtained using a form a CoFeB|Pt
sample at t = tg. (b) The magnetic angular dependence of the SHG signal, for a sample of CoFeB|Pt,
at t = typ and where the polarizer and analyzer are set at perpendicular orientations. (c) The angular
dependence of the SHG signal versus the orientation of the analyzer, for a sample of CoFeB|Pt, at various
time delays, the polarizer was set at 90° angle.

accumulation at the interface, which is seemingly overwhelmed by the magneto-plasmonic effect in the
case of CoFeB|Pt. Hence, further measurements need to be undertaken with different systems where

magneto-plasmonic effects are absent, such as CoFeB|Ta or CoFeB|Au.[144]

5.3.3 Highly efficient THz emitters

The ultrafast demagnetization of a ferromagnetic layer allows for the transfer of the magnetization!! to
an adjacent layer which can convert the picosecond spin current into a charge current. This operates in
the THz regime thanks to the femtosecond timescale response of the spin-orbit coupling. As we have
shown previously!?, there are various systems which can fulfill this role such as heavy metals[36, 78, 136] or
Rashba interfaces[125]. It appears that some of these highly efficient spin-to-charge converters can display
a similar THz emitter performance as the state of the art ZnTe crystals[160], allowing for a wide range of
applications. In the next sections, we will investigate the THz emission produced by a 2DES at the interface

of LAO/STO, after a brief overview of the basic principles behind THz detection.

1Since the angular momentum is conserved.
12Gee Chapter 4 section 4.1
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5.3.3.1 THz generation

By sending a laser pulse through a 15nm thick permalloy ferromagnetic layer, a picosecond spin current burst
is produced and transferred to the 2DES at the interface of LAO/STO interface, as shown in Figure 5.11.
Since the IEE effect relies on the spin-orbit coupling, one would expect a very fast spin-to-charge conversion
inside the 2DES so that the generated charge current has a temporal variation in the terahertz regime, as

shown in Figure 5.11.
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Figure 5.11: Schematics illustrating the mechanism behind the THz generation in an LAO/STO sample

5.3.3.2 THz generation: experimental set up

The THz radiation measurements were performed in the NOVA group at Institut des Molécules et Matériaux
du Mans (IMMM) in collaboration with Vincent Juvé and Artem Levchuck, where they use an electro-optic
sampling technique[148]. Hence, a piezoelectric crystal such as ZnTe is used in order to detect the THz
emission thanks to the variations in the optical refractive indices when hit by a THz radiation. So the basic
idea behind electro-optic sampling is to measure in a pump-probe fashion the electro-optical response of the
piezoelectric crystal at various time delays. To do so, a laser beam (P = 1W) coming from Ti:sapphire
laser with 100 fs pulse duration and a repetition rate of 1KHz, is sent through a beam splitter where it is
separated into pump and probe beams. The pump beam is used to hit the sample, placed inside a cryostat
at T'= 10K, in order to generate a THz radiation. It then goes through a Silicon beam splitter transparent
only to the THz radiation, which is then collected by a parabolic mirror and sent onto the ZnTe crystal, as
shown in Figure 5.12.

Meanwhile, the probe beam hits directly the ZnTe crystal after coming out of a delay stage in order to
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perform time-resolved measurements at various time delays. Then, both the ordinary and the extraordinary
components of the beam coming out of the ZnTe crytal are separated and measured by a balanced

photodetector in order to reconstruct the Thz emission signal coming out of the samples.
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Figure 5.12: A sketch illustrating the THz detection set up.

5.3.3.3 Ultra-fast spin-to-charge interconversion at Rashba interfaces

In this section we will present results obtained when probing the spin-to-charge conversion signal at the
interface of LAO/STO in the THz regime, in contrast to the spin pumping and spin Seebeck measurements
presented in Chapter 5 which can only probe much longer time scales (~ 1ns). In the present case, the
THz radiation measurements can probe the signal at timescales between ~ 0.1 to 10ps.

First, we will present the results obtained when measuring the THz radiations emitted by LAO/STO as a
function of both backgate voltage and magnetization angle. Then, we will discuss these results, in the light

of simulations of the temperature of the phonons and the electrons of our system.

5.3.3.3.1 THz measurements In Figure 5.13 a, we plot the electro-optical signal measured on ZnTe
crystal thanks to the THz radiations emitted by a sample of Py|LAO(5u.c)|STO at 7' = 10K . We first
notice that the THz radiation changes its polarization upon rotating the dc magnetic field to the opposite
direction, as one may expect since the THz radiation at the interface is generated by the ultrafast spin
current. In addition, the amplitude of the THz emitted by a sample of Py| LAO(5u.c)|STO is at least
three orders of magnitude lower than that in CoFeB(5)|Pt. Meanwhile, the THz spectrum shows a broad

emission spectrum centered around 1 THz for both samples, spanning until the cut off frequency of ZnTe
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Figure 5.13: (a) THz signal measured in a sample of Py|LAO(5u.c)|STO at 0° and 180° angles of the
magpnetic field. (b) THz signal measured at room temperature in a sample of CoFeB|Pt. (c) FFT response
of the measured THz signal. (d) Amplitude of the THz signal versus laser power.

at ~ 3T H213.

Furthermore, we plot in Figure 5.14 the total angular dependence of the THz signal emitted by a sample of
Py| LAO(5u.c)|STO for two perpendicular orientations of the ZnTe crystal while rotating the dc magnetic
field produced by the electromagnet. The cosine(sine)-shape of the signal is as one would expect from an
isotropic Rashba-split band. We should also note that the amplitude of the THz signal increases linearly
with the power of the laser pump and saturates above > 600mW, as shown in Figure 5.13 d. In addition,
we plot in Figure 5.14 a comparison between the THz signal at both room temperature and 7' = 10K,
where we observe a similar shape and amplitude. Furthermore, upon varying the applied backgate voltage,
we notice that the THz signal does not change. Similarly, the angular dependence of the signal at various
backgate voltages does not change neither and displays the same cosine(sine)-shape as that observed at
Vg = OV (see Figure 5.14). In this regard, the question that begs to be answered, is to find out if there is a

THz contribution to the signal coming form the 2DES at the interface of LAO/STO ? And if no, why ?

The answer to this question lies on a simple comparison between two LAO/STO samples with and without

the 2DES at the interface, through the modulation of the STO termination in contact with LAO. In

13The dips in the FFT are due to the absorption of water from the ambient atmosphere.[145]
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Figure 5.14: Angular dependence of the THz signal while rotating the direction of the magnetic field at
various backgate voltages for both (a) 0° and (b) 90° angles of the orientation of the ZnTe crystal. (c)
Comparison of the THz signal measured at 7' = 298K and T' = 10K. (d) Amplitude of the THz signal
versus backgate voltage.

Figure 5.15, we observe that the THz signal displays almost the same amplitude in the presence and absence
of the 2DES. So the key question we need to answer is why we do not observe the contribution of the 2DES
in the THz signal. In this aim, we will present in the next section an argument based on the numerical

simulations performed by Dang et al.[39]

5.3.3.3.2 Discussion In order to reproduce the THz signal detected in CoFeB|Pt, Dang et al.[39] have
developed Finite Difference Time Domain (FDTD) simulations by using the Boltzmann transport equation

for two spin channels in order to estimate the time and the spatial dependence of the population density of
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Figure 5.15: Comparison of the THz signal between two samples of LAO|STO, in the presence and absence
of the 2DES at the interface.
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Figure 5.16: Time evolution simulations of the emitted terahertz signal (black), as well as, the charge
current density (blue) and the out-of-equilibrium spin accumulation at the interface (red). Fourier transform
of the terahertz signal is given in the inset.[39]

each spin channel. This also leads to the spin current density in order to simulate the out-of-equilibrium
spin accumulation in HM at the interface of FM/HM, as well as the corresponding charge current generated
within the HM layer. Thus, the computed THz signal agrees quite well with the experimentally measured
THz radiation, as shown in Figure 5.16.

A simple interpretation of this numerical result comes from the fact that in the two spin channel model
both spin populations are subject to two different Fermi velocities, within the FM layer. Upon transmission
of both spin populations through the FM/HM interface the spin signal is converted instantaneously into a
charge current® which displays a bipolar contributions corresponding to both majority and minority spin
contributions separated in time due to the difference in their Fermi velocities. In a similar fashion, one
would expect that in Py|LAO|STO the generated charge current will behave in the same way as in the case
of CoFeB|Pt. However, some discrepancies between the two systems need to be appraised, and in particular
the fact that the spin life time in LAO/STO is much longer that in the case of Pt. Hence, this will affect
the overall response time of the conversion process within the 2DES, which will span for some picoseconds
instead. This should lead to a wider temporal profile of the charge current which lead to a lower frequency
electromagnetic radiation which will not be centered around the ~ 1T H z frequency, thus explaining in part
why the 2DES contribution is not in the detected THz signal by the ZnTe crystal which has a lower cutoff
frequency around 300 GHz. Additionally, another reason behind the small contribution of the 2DES to the
THz signal may come from the fact that at the interface between the FM layer and the 2DES, lies a tunnel
barrier of LAO, which can strongly reduce the transmission coefficient at the interface. This can play a

crucial role when it comes to the peak-to-peak amplitude of the THz signal, so if the transmission rate is 3

%Thanks to very fast response time of the spin-orbit coupling which is below 1ps.
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orders of magnitude lower in Py|LAO|STO compared to the interface of CoFeB|Pt, then one would expect
a much smaller contribution of the 2DES compared to the state of the art CoFeB|Pt samples, as shown

experimentally.
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Figure 5.17: Two temperature simulations. (a) Time dependence of the electron temperature (solid line)
and the phonon temperature ( dashed line) at the center of the Permalloy layer, for two different laser
powers P = 300mW and P = 600mW . (b) Temperature profile inside the Py|LAO|STO sample at different
time delays. (c) Zoom of the temperature of profile within the STO layer.

Additionally, in order to study the impact of the laser heating on our sample of Py|LAO(5u.c)|STO, we
performed a two temperature model simulations, for both the phonon and electron temperatures, which
was realized in collaboration with Otomalo et al., at the Institut des Molécules et Matériaux du Mans
(IMMM). These simulations have demonstrated that the electron temperature inside the Py layer can reach
temperature up to T, ~ 800K after the first 100fs when the laser beam hits the sample, as shown in
Figure 5.17. However, the temperature profile inside the STO layer shows that the temperature does not
change a lot!® compared to the temperature set by the cryostat T = 10K (see Figure 5.17), and since the

2DES is trapped within the STO layer, we would expect a little effect from the laser heating on the 2DES*®

BAT =T — 10K ~ 10.04K after 1 ps after the laser beam hits the sample
®For more details regarding the parameters chosen for the simulation see Appendix G
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5.4 Conclusion

In this chapter we have presented three different optical techniques used to characterize the important
mechanisms behind the spin-to-charge conversion at timescales between 0.1ps to 1ns. The TR-MOKE
measurements have shown that the spin-to-charge mechanism within LAO/STO can be quite different
from other systems such as CoFeB/Pt. It is also important to note, that the preliminary results of the
TR-SHG measurements so far, do not give the expected electric field signal at the interface. Nevertheless,
very important steps have been taken in order to measure the spin lifetime within LAO/STO 2DES, which
can have very interesting impact on future applications in spin-orbitronics.

Furthermore, we have seen that the THz generation is a great way to characterize the spin currents at
timescales between 0.3 — 3 ps range, allowing for the study of the spin-to-charge conversion mechanism
at the picosecond timescale. However, it seems that in the case of LAO/STO the spin-to-charge signal
is not centered around 17T'Hz frequency unlike other systems like CoFeB/Pt, which we attribute to the
longer spin lifetime within LAO/STO compared to other metallic compounds, where 75, ~ 10fs. Hence,
these results seem to agree with the fact that the spin-to-charge conversion mechanism within LAO/STO
is greatly associated with the long spin relaxation time which is behind the strong conversion efficiency
Argg in the DC regime. It is also important to note that the barrier interface of LAO can also reduce
greatly the transmission rate of both spin channels within the 2DES, which can be quite detrimental to the
amplitude of the generated THz radiation. Of course, this argument is also valid for the DC regime, but the
combination of timescales between the different time regimes may play an important role. Nevertheless, it
could be quite interesting in the future to perform the THz generation measurements with different LAO

thicknesses in order to vary the transmission rate of the spin current through the tunnel barrier.
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Chapter6

Conclusions and Future Perspectives

In this dissertation we have investigated the spin-to-charge conversion in the 2DES at the LAO/STO
interface at different timescales through various experimental methods . In the following we give a brief
summary of the main results obtained during my thesis, and then we conclude by giving a quick review of

future perspectives that can be explored.

6.1 Summary of this thesis

In the first two Chapters 1 & 2, we have introduced the basic concepts behind spin-to-charge conversion
using both spin and orbital degrees of freedom through the spin and orbital Edelstein effects. These two
effects are particularly relevant for the 2DES present at the LAO/STO interface displaying a wide variety
of exotic phenomena thanks to its complex band structure which was also analysed using a tight binding
model.

In Chapter 3, we have presented the two main experimental methods, namely spin pumping and spin
Seebeck effect, to study the spin-to-charge conversion signal. We have showed that both methods can be
optimally used to bypass their intrinsic spurious effects affecting the measured signal.

In Chapter 4, we investigated the large spin-to-charge conversion in LAO/STO, using both experimental
methods presented in Chapter 3. A large spin-to-charge conversion efficiency was recorded at low
temperature with an inverse Edelstein length reaching 6nm. In addition, we demonstrated the possibility to
strongly tune the conversion efficiency using electrostatic doping with a backgate voltage. Furthermore,
we have studied the angular dependence of the spin-to-charge signal with respect to the direction of
the injected angular momentum, which showed a non-trivial symmetry that we mapped onto the band

structure of LAO/STO presented in Chapter 2. We have also demonstrated that in addition to the spin,
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The experimental measurements are consistent with an 8% proportion of this largely unexplored orbital
contribution. A better harvesting of this effect could offer a huge boost to the conversion efficiencies from
the Edelstein effect.

In Chapter 5, we explored the spin-to-charge conversion at timescales between 0.1 to 10ps using picosecond
spin current bursts generated by laser-induced ultrafast demagnetization processes in ferromagnetic layers.
Using magneto-optical Kerr effect measurements, we have evidenced some differences in demagnetization
processes between LAO/STO with or without the presence of the interface 2DES. On the other hand,
we measured the THz radiation emitted by a sample of Py/LAO/STO which was found to be at least 3
orders of magnitude smaller than that in CoFeB/Pt. We attribute this huge difference to the long electron

relaxation time inside the 2DES at LAO/STO interface.

6.2 Future Perspectives & Discussion

The highly efficient spin-to-charge conversion in the 2DES at the LAO/STO interface, opens up exciting
opportunities for various spinorbitronics applications. As we have seen previously, this spin-to-charge signal
is driven by two effects which are the inverse spin and orbital Edelstein effects, relying on the injection of
both spin and orbital degrees of freedom into the 2DES. From first principles calculations, it was postulated
that the efficiency of the inverse orbital Edelstein effect can be at least one order of magnitude higher
compared to its spin counterpart. However, since we are injecting only 8% of this orbital contribution, we
need to think of a way to maximize it.

One possible way to inject a pure orbital angular moment within the 2DES relies on the use of light with a
helical or twisted wavefront. Another interesting idea, would be to use a helical or a chiral crystal which
can display a giant orbital angular momentum current through the direct orbital Edelstein effect. This
orbital degree of freedom which was unexplored until recently, can have a tremendous impact on the future
applications in oxide-electronics.

In this thesis, we also explored the injection of picosecond spin currents during the ultrafast demagnetization
process in a magnetic layer into the 2DES at the LAO/STO interface. Different measurement methods
have been presented, suggesting a long relaxation time within the 2DES. However, some work is still
required in order to quantitatively estimate this relaxation time, as well as the amount of the ultrafast spin
current generated. Importantly, one can think of a way to vary this electron relaxation time so that the
spin-to-charge conversion efficiency can also be improved without the need for band gap engineering or

chemical doping. A possible way forward is through the design of the tunnel barrier to set the electron
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leakage into the adjacent ferromagnet. One can also imagine replacing the conducting ferromagnetic layer
with a ferromagnetic insulator such as YIG or a demi-metal like LSMO. It is also possible to maximize the
electron relaxation time, using electrostatic doping in SrTiO3 -based 2DES. A compromise between the
strength of the Rashba coupling as well as the electron relaxation time needs to be attained in order to
maximize this spin-to-charge conversion efficiency, where different characteristics are required for the DC or

THz regimes.
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AppendixA

Auxiliary Calculations

A.1 Susceptibility tensor components

Each component of the susceptibility tensor can be separated into real and imaginary parts :

x=x"—ix"
Xa = Xo — iXg
x| = x| —ix" +|

We get after linearizing equation 3.9:

!/
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APPENDIX A. AUXILIARY CALCULATIONS

7 —YAw
X| = 5 ez (A-10)
w? + (F#)?
D = (W} — (14 o®)w?)? + 402w’ (A.11)
A.2 Inverse Spin Hall voltage
From the Valet-Fert spin diffusion model[156], one can retrieve the spin-diffusion equation :
2 — —
pm —m) _ (— ) (A12)

823; Tsf
Upon choosing the right boundary conditions the solution to this differential equation is given by :
Ap(0) -
Ay = z/Asd 2t/Asqa . T/ Asd A.13
B Tt (€7 e (A13)

where Ay, = g1y — puy, tis the normal metal thickness, and Ay is the spin diffusion length. Thus, we

can define the spin current as a function of distance from the FM/NM interface as : :

dAp
Jy=—0—=L A.l4
o— (A.14)

And by averaging equation A.14 across the whole film < J; >= %fé Js(z) dz, retrieve the following

expression for the inverse spin Hall voltage :

grp  hLPfsin?(0) (1 — e7tnm/Asa)2

V; =0 A.15
ISHE SHQN Y onar Zetwar 1+ o—2inar/ e ( )
where gy s is the NM spin conductance given by:
o 1 — e 2tNM/Asd
gNM = (A.16)

sa 1+ e~ 2tNm/Asa

,P is the ellipticity correction factor which can be expressed as:

2w(wns + /w2, + dw?
po 2 M ) (A.17)

wi, + dw?
and 6 is the precession angle given by :
My  2h,y
tan(0) = Al
an(0) = 5 = 2 (A18)
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AppendixB

Frequency-swept Ferromagnetic Resonance

In the case of a frequency-swept FMR experiment, the rf frequency f is swept using a microwave source,
while the dc magnetic field Hqc is kept constant, so that the measurement is then repeated for a range of
magnetic fields in order to retrieve the Kittel formula (see equation 3.16). Indeed, in order to extract the
Gilbert damping coefficient o from the the frequency linewidth A f, we need to convert the dependence of
a on the field linewidth AH into the frequency linewidth Af, by differentiating the Kittel equation (see

equation 3.15), which relates both quantities :

. H,
o = apPsnalily) C8
aI'Ieff Hefr=Hgitrer(f)

In the case of an out-of-plane magnetized film, Af is a linear function of f..s, so that equation B.1

becomes:

Af = 2afres (82)

While in the case of an in-plane magnetized film, equation B.1 yields an inverse square-root dependence

Af =20fres |1+ (72“]‘3M3)2 (B.3)

Hence, one would expect a very large frequency linewidth a low frequencies and then it decreases until

of Af, given by :

hitting a minimum given by :

AHyM?

«

1

Ko7y ) 3

A frmins =5 ( (B.4)
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And above this frequency fay, .. | the linewidth increases slowly as shown in Figure B.1.

. —— far,=7.19 GHz

2 4 6 8 10 12
Resonant frequency (GHz)

Figure B.1: The frequency linewidth A f versus the resonance frequency f,.s extracted using a frequency-
dependent FMR measurement for various magnetic fields for a sample of 30 nm of Py in the in-plane
configuration. The black curve corresponds to a the fit using the inverse square-root law ( see equation B.3
) . The red line indicates the position of the minimum frequency linewidth at TAfinsl ( see equation B.4

).[62]
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Fitting parameters for the FMR signal
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Figure C.1: Fitting parameters of the FMR signal versus the angle and various backgate voltages :
0V,100V,200V,300V,-300V,-200V.
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AppendixD

Finite Element Model for temperature simulations

The temperature simulation of a laser heating a sample with dimensions 5 x 5 x 0.5 mm

3 is solved using

a numerical procedure which was developed using the open source FreeFem—++ software. As a way of

simplification, we present here only 2D simulations *

of a transverse cut of the sample passing through the

center of the LED along x & 2z axis. The 2D surface was treated using a prism shaped 1nm mesh size

elements

Z (nm)a

’ ‘ﬁuﬂf, Vivav gt Ly

2 as illustrated in Figure D.1.
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Figure D.1: A representation of the 2D triangle-shaped meshing of a 2D surface with dimensions 30 x 30
nm?, with 1 nm resolution along both z & z axis .

In the heat equation 4.1, the convection was not taken into account for the lateral boundaries due to

13D simulations seems to give similar results

2Along both the z & z axis
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contact with vacuum inside the cryostat see Figure 4.6. In addition to the surface (1) boundary condition
which is expressed in equation 4.4, we fix the temperature at 7' = 10K at the surface boundary condition (4),
so that the bottom of the sample which is in contact with the cryostat is always at the same temperature.

However, in the case of the 3D model the whole volume of the sample is represented using prism-shaped

mesh elements with a resolution of 1nm along all 3 axis as shown in Figure 4.6.

y (nm)

X (nm)

Figure D.2: A representation of the 3D prism-shaped meshing of a 3D volume with dimensions 10 x 10 x 10
nm3, with 1 nm resolution along both z, y & z axis .

Similarly to the 2D model, we plot in Figure D.3 the spatial variations of temperature in the 2D case in

a subdomain with dimensions 100 x 100 x 100 nm?.

Figure D.3: The spatial variations of the temperature profile in the 3D model. The laser beam in this case
is heating the sample from the bottom.
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AppendixE

MOKE experiment

E.1 Wollaston prism

A Wollaston prism consists of two right triangle prisms with orthogonal optical axis cemented together.
Hence, when sending a light beam into the Wollaston prism, the transmitted light is separated into two
light beams with perpendicular polarization corresponding to the ordinary and extraordinary light beams.
So when the incoming light has a circular polarization or a linear polarization along the diagonal of the

prism then the two outgoing light beams from the Wollaston prism will display the same intensity.

Figure E.1: A sketch illustrating a Wallaston prism
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E.2 Waveplates \/2 and )\/4
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Figure E.2: Sketch illustrating both a half waveplate and a quarter waveplate.

A half waveplate rotates a linearly polarized light to any desired polarization, so that the rotation angle is

twice the angle between the incident light and the optic axis.

A quarter waveplate transforms a linearly polarized light into an elliptically polarized light, so that in the

special case when the incoming light has linear polarization at 45° angle the outgoing light will be circularly

polarized.
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AppendixF

2" order susceptibility tensor expression

The second order harmonic electric dipolar contribution, is given by :

Pl _ p)2e] 4 pe] . pe3)] (F1)
=0 2ndorder Weak

and if we focus on the second order term, it can be written as :

2 2
P = 3 X BB (F2)
i,k
and since E;E), = E. I for every k and j, we have Xz(?,l = sz; so that the second order susceptibility

tensor Y can written in a contracted form given by :

X11 X12 X13 X14 X15 X16

= I X2t X22 X23 X24 X25 X26 (F.3)

=l

X31 X32 X33 X34 X35 X36

so that :

E}
B3

X11 X12 X13 X14 Xi15 X16
E3

2
P = X21  X22 X23 X24 X25 X26 (F.4)

2F5F3

X31 X32 X33 X34 X35 X36
2F1 FE3
2F1F5
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Additionally, if we consider the 4mm symmetry at the interface of for example LAO|STO? the susceptibility

tensor can be reduced to the following expression :

xi1 xi2 0 0 0 xi6

X=]x21 x22 0 0 0 X2
0 0O 0 0 0 O
where :
X11 = X:L’xzyMy X12 = XxyyyMy X21 = Xyz*xxMx
X21 = XymtcmMa: X22 = nyyxMx X26 = XymyyMy

And according to Kirilyuk et al.[82] :

Xzxyyy = —Xyzzx

Xzzzy = — Xyyyz

Xzzyr = Xzyzz

so that the polarization components are given by :

Pé%) = Eg [ XawayMy COSQ(‘b) + Xayyy My sin2(¢) + 2Xzaya Mz cos(¢) sin(e) |

Py(%) = —Eg [ Xayyy Mz cos?(¢) + XazzyMa sin?(¢) + 2X zaya My cos(@) sin(¢) |

where Ey and ¢ are the amplitude and the phase of the electric field of light E.

INo z component of the polarizarion and without the x°"
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Temperature simulation parameters

AppendixG
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Figure G.1: Temperature dependence of the electron and the lattice heat capacity of Permalloy.[146]
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APPENDIX G.

TEMPERATURE SIMULATION PARAMETERS
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Figure G.2: Temperature dependence of the heat capacity of STO.[51]
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Figure G.3: Temperature dependence of the electron and lattice thermal conductivity of Permalloy, which
were deduced by the weighted average.[59]
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AppendixH

Résumé en Francais

H.1 Introduction a la spin-orbitronique

Depuis la découverte de I'effet de magnétorésistance géante par Albert Fert et Peter Grunberg[205, 211],
une grande variété d'applications a vu le jour notamment dans le domaine des mémoires magnétiques.
Jusqu'a présent, ceux-ci reposent sur le contréle de I'aimantation dans les matériaux ferromagnétiques, par
le biais de ce que I'on appelle le < Spin-Transfer-Torque > (STT)[244, 208], en utilisant I'injection d'un
courant de spin polarisé pour appliquer un couple efficace sur I'aimantation. Cependant, un nouveau type
de contrble d'aimantation basé sur le couplage spin-orbite s'est avéré treés efficace. Il permet d’effectuer
une injection de spin efficace sans avoir besoin de matériaux ferromagnétiques[237, 235, 217], ainsi que
la détection d'un courant de spin pur gréce a la conversion spin-charge qui peut avoir une grande variété
d'applications[225, 232, 241]. Trés récemment, un nouveau degré de liberté a également été étudié qui
correspond au moment orbital quantifié des électrons, qui comme le spin peut jouer un rble important dans
le contréle de I'aimantation[224]. De plus, les effets de conversion orbitale en charge seront discutés plus

tard dans cette these[247].

Dans le premier chapitre, on introduit les concepts de base, tel que : le spin et le moment orbital d'un
électron, les différents types de courants associés aux différents degrés de libértés d'un électron, a savoirs les
courants de spin, d'orbital et de charge, ainsi que les différents mécanismes de conversion de ces différents
types de courants dans des matériaux tel que les métaux lourds ou a l'interface entre deux matériaux
différents. Dans ce dernier cas, nous avons étaillé la physique de la conversion spin-charge dans les gaz 2D

en introduisant |'effet Edelstein direct et inverse pour le spin ainsi que le moment orbital [214, 249].
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H.2 L’interface entre LaAlO;3/SrTiO;

Les hétérostructures artificiellement fabriquées ont conduit a la découverte d'une variété de phénomeénes
émergents, grace a l'ingénierie des paramétres d'ordres, conduisant a de nouvelles propriétés et fonctionnalités.
Ces efforts ont ouvert la possibilité d'étudier un nouvel ensemble de phénomenes physiques a la frontiére de
deux matériaux différents, qui ont conduit a de grandes découvertes en physique des semi-conducteurs[181], et
plus récemment, en physique des oxydes complexes[186]. Une premiére percée est venue de |'hétérointerface
de deux oxydes pérovskites de LaAlO3(LAQO) et SrTiO3(STO), qui se sont avérés héberger un systéme
électronique a 2 dimensions au voisinage de leur interface[186]. Depuis lors, de multiples études ont été
publiées a cet égard, démontrant |'existence d’'une phase supraconductrice [190] . De plus, une autre propriété
intéressante du 2DES, qui est le couplage Rashba dii a la brisure de la symétrie spatiale a I'hétérointerface
a été démontrée trés récemment[193], conduisant a la création d'un signal de conversion spin-charge dans
I'interface LAO/STO , ouvrant la voie a de nouveaux dispositifs basés sur le spin[218, 246, 236]. Dans
ce contexte, cette thése suivra ces efforts et démontrera que ce systéme posséde encore de nombreuses
propriétés étonnantes.

La premiere partie de ce chapitre se concentrera sur les études expérimentales récentes concernant les
propriétés émergentes de I'hétrointerface LAO/STO. Plus tard, nous discuterons des différents mécanismes
en jeu, quand il s'agit de I'émergence de la conductivité a I'interface, ce qui nous donnera un indice sur son
origine. Ensuite, une étude théorique de la structure électronique du 2DES a l'interface sera présentée afin
de découvrir la structure de bande complexe qui est un point de repéere pour les effets multi-bandes en jeu
dans les oxydes métalliques complexes. Enfin, une revue rapide de la technique de dépot laser pulsé utilisée
pour la croissance de LAO/STO et les propriétés de caractérisation structurelle et de transport qui ont été

réalisées en collaboration avec le groupe de Jean-Marc Triscone a Genéve.

H.3 Conversion spin-charge dans LaAlO;/SrTiO;

Aprés la prédiction de I'effet Hall de spin direct et inverse par Dyakonov et al.[179], diverses études
expérimentales ont démontré la possibilité de convertir un courant de spin en courant de charge, en
particulier dans les métaux lourds comme le Pt, le Ta et I'Au qui affichent un grand angle de spin Hall,
grace au fort couplage spin-orbite atomique qui est supposé augmenter avec le numéro atomique Z comme

~ Z* dans le cas d'un atome de type hydrogéne[122, 169, 109].

Récemment, un autre type de couplage spin-orbite a été découvert dans des systémes 2D sans symétrie
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d’inversion, en s’appuyant sur l'interaction de Rashba®, qui découle d’'une action conjointe du couplage de
I'orbite, du spin et d'un champ électrique induit a I'interface de deux matériaux différents comme décrit
par Byachkov et Rashba[214]. Divers systemes Rashba ont montré une efficacité de conversion spin-charge
prometteuse, comme les interfaces des semi-conducteurs dopés, comme AlGaN/GaN [91] ou InGaAs/InAlAs
[84]), les surfaces des alliages métalliques, tels que Ag/Bi(111)[200], les interfaces des oxydes, tels que
LAO/STO [199] ou plus récemment dans certains isolants topologiques, pour citer quelques uns a-Sn[124]
et HgTe[108].

Dans ce chapitre, nous donnerons un apercu de la variété des systemes qui affichent une efficacité de
conversion spin-charge tres efficace, tels que les interfaces a base d'oxyde qui sont considérées comme I'un
des meilleurs convertisseurs de la littérature, en particulier LAO /STO, qui affiche une variété de propriétés
trés intéressantes 2.

Dans un second temps, on introduit les deux permiéres techniques experimentales utilisées pour caractériser
la conversion spin/charge dans le gaz 2D. La premiére technique repose sur le pompage de spin en utilisant
le phénomeéne de résonance ferromagnétique, pour cela on a introduit brievement la théorie de résonance
ferromagnétique ainsi que le mécanisme d’injection des courants purs de spin dans le gaz 2D. La seconde
technique repose sur I'utilisation de I'effet Seebeck de spin, que nous avons introduit en détail. Nous avons
aussi discuté des différents effets parasites qui peuvent s'ajouter au signal de conversion spin-charge dans

les deux cas, en proposant plusieurs méthode pour réduire ces effets parasites.

H.4 Dépendance angulaire et en tension de grille du signal de conversion

spin-charge dans LaAlO;3/SrTiO;

Nous avons rapporté dans ce chapitre la possibilité de moduler le signal IEE a I'interface LAO/STO, par du
dopage électrostatique, ainsi qu'une forte anisotropie de la dépendance angulaire du signal de conversion
spin-charge. Ceci est lié a un effet multibande qui est une caractéristique saillante des oxydes de métaux
de transition. De plus, nos mesures révelent |'existence d'une contribution dominante de |'effet Eldelstein
orbital. A cet égard, nous avons postulé une injection de moment angulaire orbital de 8% qui explique
toutes les caractéristiques des dépendances angulaires et en tension de grille du signal IEE, y compris son
signe, sa forte anisotropie et sa dépendance directionnelle. Fait intéressant, nous avons pu établir un lien

entre les dépendances angulaires et en tension de grille du signal IEE et la structure de bande de LAO/STO.

1Voir le chapitre 2 pour plus de détails
2\/oir le chapitre 3 pour plus de détails
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Ceci est particulierement visible lorsque le potentiel chimique est proche des croisements de bandes ou le
signal IEE affiche une forte symétrie quadruple.

De plus, il semble que la partie orbitale du signal IEE, qui est potentiellement la contribution dominante,
pourrait étre beaucoup mieux exploitée afin de maximiser |'efficacité de conversion. |l est également
important de noter que le temps de relaxation des électrons dans le 2DES a l'interface LAO/STO est d'une
importance centrale dans la forte efficacité de conversion spin-charge enregistrée a I'interface LAO/STO.
Afin de concevoir les futurs convertisseurs spin-charge hautement efficaces, il faut prendre en compte les
différents parametres pouvant étre exploités tels que les effets d’anisotropie, la contribution orbitale au
signal IEE et les taux de relaxation de spin. De toute évidence, des rendements de conversion beaucoup
plus importants pourraient étre obtenus si la partie orbitale du moment angulaire , ainsi que les temps de

relaxation des électrons, pouvaient étre maximisés.

H.5 Mesures résolues en temps du signal de conversion spin-charge

Dans ce chapitre, nous tentons d'étudier la dynamique ultrarapide du processus de conversion spin-charge
dans LAO/STO. Pour ce faire, nous devons générer un courant de spin a I'échelle de la picoseconde ce qui
correspond aux échelles de temps derriére le mécanisme de conversion spin-charge dans LAO/STO3, qui est
estimé a environ ~ 1ps[193, 175]. Cependant, nous avons besoin d'une méthode expérimentale qui nous
permettra d'étudier la dynamique ultrarapide derriere la conversion spin-charge a I'échelle de la picoseconde
afin de répondre a certaines questions fondamentales liées a la durée de vie du spin 75 dans le 2DES a
I'interface LAO/STO, et d’élucider les différents mécanismes en jeu lors de la conversion du spin en charge.
Dans ce chapitre nous présenterons les premiers résultats préliminaires afin de répondre a ces questions
ouvertes. Tout d'abord, parce que nous voulons étudier nos systemes a des échelles de temps tres courtes
(~ 1ps), nous nous appuyons sur la haute résolution temporelle fournie par les lasers ultrarapides (~ 150fs),
qui nous permettent d'étudier la dynamique ultrarapide derriére la conversion spin-charge. Dans ce contexte,
ce chapitre fournira les premiers résultats expérimentaux utilisant diverses méthodes afin de caractériser la
conversion spin-charge a différentes échelles de temps. Au cours de ce chapitre, nous présenterons trois
méthodes optiques utilisées pour détecter une rafale de courant de spin qui est générée en tirant parti du
mécanisme de démagnétisation ultrarapide.

A cet égard, nous étudierons d’abord le processus de démagnétisation ultrarapide dans une couche ferro-

magnétique qui est le mécanisme de base a |'origine de la création d'un courant de spin a I'échelle de la

3Voir chapitre 5 section 5.3.4
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picoseconde. Dans un deuxiéme temps, nous introduirons une premiére technique de mesure permettant
de sonder un courant de spin picoseconde a travers |'effet Kerr magnéto-optique (MOKE). Ensuite, nous
présenterons une deuxieéme technique qui repose sur la génération du signal de seconde harmonique (SHG)
afin de sonder le champ électrique dans les métaux lourds grace a la conversion spin-charge. Enfin, une
troisieme technique pour détecter les courants de spin a I'échelle de la picoseconde repose sur la détection
des rayonnements THz qui peuvent étre générés par le mécanisme de conversion spin-charge dans une

couche adjacente.

H.6 Conclusion & Perspectives

La conversion spin-charge est hautement efficace dans le 2DES a I'interface LAO/STO ce qui ouvre la voie
vers diverses applications en spin-orbitronique. Comme nous I'avons vu précédemment, ce signal spin-charge
est entrainé par deux effets qui sont les effets d'Edelstein inverse de spin et d’orbital, reposant sur I'injection
de degrés de liberté de spin et d’orbital dans le 2DES. A partir des calculs de premiers principes, il a
été postulé que I'efficacité de I'effet Edelstein inverse d’orbital peut &tre au moins un ordre de grandeur
plus élevé que son homologue de spin. Cependant, comme nous n'injectons que 8% de cette contribution
orbitalaire, nous devons réfléchir a un moyen de la maximiser.

Une facon possible d'injecter un moment angulaire orbital pur dans le 2DES repose sur I'utilisation de la
lumiére avec un front d’onde hélicoidal ou tordu. Une autre idée intéressante serait d'utiliser un cristal
hélicoidal ou chiral qui peut afficher un courant de moment angulaire orbital géant grace a |'effet Edelstein
d'orbital direct. Ce degré de liberté d'orbital, inexploré jusqu'a récemment, peut avoir un impact considérable
sur les futures applications en oxyde-électronique.

Dans cette thése, nous avons également exploré I'injection de courants de spin a I'échelle de la picoseconde
lors du processus de démagnétisation ultrarapide dans une couche magnétique dans le 2DES a I'interface
LAO/STO. Différentes méthodes de mesure ont été présentées, suggérant un temps de relaxation long
au sein du 2DES. Cependant, certains travaux sont encore nécessaires afin d'estimer quantitativement ce
temps de relaxation, ainsi que la quantité de courant de spin ultrarapide généré. Surtout, on peut penser a
un moyen de faire varier ce temps de relaxation des électrons afin que |'efficacité de conversion spin-charge
puisse également étre améliorée sans avoir besoin d’ingénierie de bande ou de dopage chimique. Une voie
possible a suivre consiste a concevoir une barriére tunnel pour régler la fuite d'électrons dans la couche
ferromagnétique adjacente. On peut aussi imaginer remplacer la couche ferromagnétique conductrice par

un isolant ferromagnétique comme le YIG ou un demi-métal comme le LSMO. Il est également possible de
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maximiser le temps de relaxation des électrons, en utilisant le dopage électrostatique dans le 2DES basé sur
SrTiO3. Un compromis entre la force du couplage Rashba ainsi que le temps de relaxation des électrons
doit étre atteint afin de maximiser cette efficacité de conversion spin-charge, ou différentes caractéristiques

sont requises pour les régimes DC ou THz.
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Résumé: Un domaine émergent de la spintronique,
appelé spin-orbitronique, permet I'interconversion
entre les courants de charge et de spin via le cou-
plage spin-orbit (SOC) dans les matériaux non
magnétiques, reliant le degré de liberté de spin
au degré de liberté orbital ce qui résulte en une
diffusion des électrons de spins différents dans des
directions préférentielles. Récemment, un nouveau
type de SOC a été découvert en s’appuyant sur
I'interaction de Rashba, qui découle d’une action
conjointe du SOC et d’un potentiel électrique qui
apparait dans les systémes d'électrons bidimen-
sionnels (2 DES) existant aux interfaces de deux
matériaux différents. Un systéme prometteur pour
étudier la conversion de spin-charge est I'interface
entre deux isolants comme l'interface entre LaAlOg
/SrTiO3 (LAO/STO) , ot un 2DES est créé en rai-
son d'une discontinuité polaire a l'interface. Ce 2
DES a l'interface LAO/STO montre une trés forte

interaction Rashba dii a la brisure de la symétrie
d'inversion. Il semble qu'en raison de la constante
diélectrique élevée de STO a des températures
inférieures a 30K, nous sommes en mesure d’ajuster
I'interaction Rashba a I'aide d'un champ électrique.
Dans ce travail j'ai mesuré une forte efficacité de
conversion spin-charge dans LAO/STO ce qui peut
s'expliquer par la nature orbitalaire de la conversion
spin-charge dans le 2DES, que j'ai pu régler grace
a un dopage électrostatique. Dans une deuxieme
partie, j'ai montré que |'efficacité de conversion
en LAO/STO peut étre anisotrope du fait des ef-
fets multibandes qui apparaissent notamment dans
les oxydes de métaux de transition. Enfin, j'ai
étudié la dynamique de la conversion spin-charge
en LAO/STO, grace a la désaimantation ultrara-
pide d'une couche ferromagnétique, en utilisant
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courants de spin et de charge.
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Abstract: An emerging field of spintronics, called
spin-orbitronics, enables the inter-conversion be-
tween charge and spin currents through the spin-
orbit coupling (SOC) in non-magnetic materials,
which links the spin degree of freedom to the
orbital degree of freedom resulting in a preferen-
tial directional scattering for electrons of different
spins. Recently, a new type of SOC have been
discovered relying on the Rashba interaction,which
stems for a joint action of the SOC and an electri-
cal built-in potential in two-dimensional electrons
systems (2 DES) existing at interfaces of two dif-
ferent materials. A promising system to study the
spin to charge conversion is the interface between
two band gap insulators like the interface between
LaAIO3 /SrTiO3 (LAO/STO) , where a 2DES is
created due a polar discontinuity at the interface.
This 2 DES at the interface of LAO/STO shows a

very strong Rashba spin-orbit interaction raising
from the breaking of the inversion symmetry. It
appears that due to the high dielectric constant in
STO below 30K, we are able to tune our Rashba
splitting using an electric field. In this work | mea-
sured a strong spin-to-charge conversion efficiency
in LAO/STO thanks to the orbital nature of the
spin-to-charge conversion in the 2DES, which |
was able to tune thanks to an electrostatic doping.
In a second part, | showed that the conversion
efficiency in LAO/STO can be anisotropic due to
the interplay of a complex multiband effect that
appears in particular in transition metal-oxides. Fi-
nally, | studied the dynamics of the spin-to-charge
conversion in LAO/STO, thanks to the ultrafast
demagnetization of a ferromagnetic layer, using
various optical method to characterize the spin
and charge currents.
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